The Application of Broadband
Constant Beamwiditim
Transducer (CBT) Theory to

Loudspeaker Arrays

D. B. (DON) KEELE, JR.

Principle Consultant
DBK Associates and Labs
Bloomington, IN, USA

(AES Paper Presented Sept. 2000)

9/19/00 Keele: Application of CBT Theory to Loudspeaker Arrays




Outline

Overview of Constant Beamwidth Transducer
Theory —

— Originally developed for underwater sound by the
military

— Shaded circular spherical caps
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Outline

* Computer Simulation of 3D Sound Radiation

— Beamwidth, directivity, loss, polars, footprints
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Outline

» Application to Point-Source Arrays

— Straight lines, circular lines, spherical caps,
toroidal caps

o
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Outline

e Conclusions
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Overview of Constant Beamwidth
Transducer Theory

 First formulated in JASA papers published
in 1978 and 1983 describing underwater
transducers based on shaded spherical caps.
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Overview of Constant Beamwidth
Transducer Theory

 First formulated in JASA papers published
in 1978 and 1983 describing underwater
transducers based on shaded spherical caps.

— [1] W. J. Trott, “Design Theory for a Constant-Beamwidth Transducer,” Naval
Research Laboratory Report 7933 (1975 Sept.)
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Overview of Constant Beamwidth
Transducer Theory

 First formulated in JASA papers published
in 1978 and 1983 describing underwater
transducers based on shaded spherical caps.

— [2] P. H. Rogers, and A. L. Van Buren, ‘“New Approach to a Constant Beamwidth
Transducer,” J. Acous. Soc. Am., vol. 64, no. 1, pp. 38-43 (1978 July).

— [4] A. L. Van Buren, L. D. Luker, M. D. Jevnager, and A. C. Tims, “Experimental
Constant Beamwidth Transducer,” J. Acous. Soc. Am., vol. 73, no. 6, pp. 2200-2209
(1983 June).
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Overview of Constant Beamwidth
Transducer Theory

 First formulated in JASA papers published
in 1978 and 1983 describing underwater
transducers based on shaded spherical caps.

[3]J. Jarzynski, and W. J. Trott, “Array Shading for a Broadband Constant
Directivity Transducers,” J. Acous. Soc. Am., vol. 64, no. 5, pp. 1266-1269 (1978
Nov.).
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Spherical Cap Transducers

Overview
D

* 100° Circular Spherical Cap
Oblique View Side View
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Shaded Spherical Cap

Overview Cont.
|

* Legendre Function Shading

-

P (cos@) for 0<6,
0 for 60>06,

u(0) = radial velocity distribution
e

@ = elevation angle in spherical coordinates,
(€@ =0 1s center of circular spherical cap)
0, = half angle of spherical cap

P, (x) = Legendre function of order v (v > 0) of argument x,
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Shaded Spherical Cap

Overview Cont.

] ] -
* Approximation to Farfield Pressure Pattern

: {Pv (cos@) for 0<6,

0 for 0>0,

p(0) = radial pressure distribution.

* QED: Surface pressure distribution, nearfield
pressure pattern, and farfield pressure pattern
are all essentially the same!!
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Shaded Spherical Cap

Overview Cont.

* Velocity shading functions for Legendre orders of v= S,
7.5, and 10. (Reproduced from Rogers and Van Buren)
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Shaded Spherical Cap

Overview Cont.
)

* Power Series Approximation of Legendre
Shading Function (Keele)

U() 1+0.066x —1.8x> +0.743x> for x<1
X)) =
0O for x>1

where

x = normalized angle (Qﬁj

0
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Shaded Spherical Cap

Overview Cont.
)

Power Series Approximation of Legendre
Shading Function
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Shaded Spherical Cap

Overview Cont.

CBT Edge 0 m
Shading Shading

Color
Scale

30 4B

Edge -40

9/19/00 Keele: Application of CBT Theory to Loudspeaker Arrays




Shaded Spherical Cap

Overview Cont.
)

* Don’t need the rest of the sphere!!!

Rogers and Van Buren point out that because the
surface pressure and velocity are nearly zero over the inactive
part of the outside surface of the sphere, the part of the rigid
spherical shell outside the spherical cap region can be
removed without significantly changing the acoustic radiation.
This means that the 1deal constant beamwidth behavior of the
spherical cap 1s retained even though the rest of the sphere i1s
missing!
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Shaded Spherical Cap

Overview Cont.

* Geometry of spherical cap constant-beamwidth
transducers. (Reproduced from Rogers and Van Buren)

P, CBT 50° P, CBT 34° P,, CBT 26°
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Shaded Spherical Cap

Overview Cont.

« CBT polar patterns (Reproduced from Rogers and Van
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Computer Simulation of 3D Sound
Radiation

» Types of output data
— Beamwidth

— Directivity

— On-axis loss
— Vertical and horizontal polars

— Footprint plots
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Computer Simulation of 3D Sound
Radiation , Cont.

« Beamwidth Plots —

— Plot of 6-dB-down horizontal and vertical beamwidth
angle at one-third-octave center frequencies

Shaded Spherical Cap
Radiator:

100°

13.5” Dia.
7 Rings
121 Points

Yy
I ;
= :

10k 20k
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Computer Simulation of 3D Sound
Radiation , Cont.
* Directivity Plots B

— Plot of full sphere directivity at one-third-octave
center frequencies (834 point full-sphere calculation)
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Computer Simulation of 3D Sound
Radiation, Cont.
* On-Axis Loss R

— Plot of on-axis loss at one-third-octave center

frequencies (Compares predicted on-axis response to on-axis
response with all sources in phase at sample point)
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Computer Simulation of 3D Sound
Radiation, Cont.

e Polars B

— Full circle horizontal and vertical polar plots at
one-third-octave center frequencies (1° Increment)

Hor 3.15 kHz

10 dB per Division
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Computer Simulation of 3D Sound
Radiation, Cont.

* FOOtprintS T

— Footprint plot at each one-third-octave center freq.
(120° V x 120° H or £60° H x £60°, calculated every 3°, 1681 points total)

-60° 0°
3.16 kHz Theta
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Application to Point-Source Arrays

* Types of point-source arrays simulated
— Straight Line Source
— Curved Line Source (Circular Wedge)
— Circular Spherical Cap
— Elliptical Toriodal Cap
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Application to Point-Source Arrays
Cont.

* Curved Line Source (Circular Wedge)

— Example: 11-Point 100° Circular Line Array with Legendre Shading

FRONT VIEW SIDE VIEW
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Application to Point-Source Arrays
Cont.

* Curved Line Source (Circular Wedge)

— Example: 11-Point 100° Circular Line Array with speakers rendered

FRONT VIEW OBLIQUE VIEW SIDE VIEW
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Application to Point-Source Arrays
Cont.

 Circular Spherical Cap

— Example: 121-Point 100° Circular Spherical Cap Array with Legendre Shading

{ONT WIEWS

FRONT VIEW SIDE VIEW

Axis- Inches
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Application to Point-Source Arrays
Cont

* 100° Hor. x 50° Vert. Elliptical Toroidal Cap

OBLIQUE VIEW SIDE VIEW
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Application to Point-Source Arrays
Cont.

 Elliptical Toriodal Cap, Layout of Sources

Procedure:

1. Unwrap rectangular
region from torus.

2. Fill with rectangular grid
of sources.

3. Superimpose an ellipse.

4. Retain sources inside
ellipse.

5. Shade sources depending
on distance from center.
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Application to Point-Source Arrays
Cont.

 Elliptical Toriodal Cap

— Example: 381-Point 100° x 50° Elliptical Toroidal Cap Array with Legendre Shading

FRONT VIEW

Z Axis- Inches

1]
y Axis- Inches
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Application to Point-Source Arrays
Cont.

» Elliptical Toriodal Cap Cont.

— Example: 381-Point 100° x 50° Elliptical Toroidal Cap Array with Legendre Shading
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Application to Point-Source Arrays
Cont.

\
* Various point-source arrays simulated

I analyzed many different point-source
arrays using the analysis tools I developed.
All results are 1n the preprint (in
excruclating detail and too many pages!) 1
will just be covering the highlights of the
results here.
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Application to Point-Source Arrays
Cont.

» Various point-source arrays simulated

— Straight Line Array
* 11 points, equal levels, 13.5” high (one wavelength at 1 kHz)

— Curved Line Source (Circular Wedge)

11 points, equal levels (no shading), 100°, 13.5” high

e 21 points ), 100°, 13.5 high
— equal levels (no shading)
— Legendre shading
— 3 step shading (0, -6, and -12 dB)
— 2 step shading (0, -6 dB)

« 81 points, Legendre shading, 100°, 54 high (one wavelength at 250 Hz)
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Application to Point-Source Arrays
Cont.

D
* Various point-source arrays simulated, Cont.

— Circular Spherical Cap

* 121 points, Legendre shading, 100°, 13.5” dia., 6 concentric rings
» 381 points, Legendre shading, 100°, 13.5” dia., 11 concentric rings

— Elliptical Toriodal Cap
« 372 points, Legendre shading, 100° H x 50° V, 27” Hx 13.5” W

9/19/00 Keele: Application of CBT Theory to Loudspeaker Arrays Slide 36




Simulation Results

Straight Line Array
— 11 points, equal levels, 13.5” high (one wavelength at 1 kHz)

FRONT VIEW

20000 0®

0 5

y Axis- Inches
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Simulation Results

» Straight Line Array
— 11 points, equal levels, 13.5” high (one wavelength at LKHz)
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Simulation Results

 Straight Line Array
-
— 11 points, equal levels, 13.5” high (one wavelength at 1 kHz)

DATA AT 3.15 kHz
HOR. POLAR VERT. POLA FOOTPRINT

+a0 +30°

Hor 3.15 kHz
-EQ® n° +H0°

316 kHz Theta
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Simulation Results
Cont.

* Curved Line Source (Circular Wedge)

e 21 points ), 100°, 13.5” high
— equal levels (no shading)
— Legendre shading

« 81 points, Legendre shading, 100°, 54 high (one wavelength at 250 Hz)
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Simulation Results
Cont.

Curved Line Source
(Circular Wedge)

21 Sources,

100°,
One-wavelength high
at 1 kHz

(Both with and without shading!)
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Simulation Results
* Curved Line Source (Circular Wedge)

— 21 points ), 100°, 13.5” high (one wavelength at 1 kHz) Con t .

* equal levels -
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Simulation Results

* Curved Line Source (Circular Wedge)

— 21 points ), 100°, 13.5” high (one wavelength at 1 kHz)

« equal levels

DATA AT 3.15 kHz
HOR. POLAR VERT. POLA FOOTPRINT

+a°

Hor 3.15 kHz G0
Vert 3.15 kHz Qe -RQ® ne 0"

316 kHz Theta
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Simulation Results
Curved Line Source (Circular Wedge)

— 21 points ), 100°, 13.5” high (one wavelength at 1 kHz) Con t-
iy -
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Simulation Results

* Curved Line Source (Circular Wedge)

— 21 points ), 100°, 13.5” high (one wavelength at 1 kHz)

DATA AT 3.15 kHz
HOR. POLAR

Vert 3.15 kHz .a0e - -En° e +50°
3.16 kHz Theta
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Simulation Results
* Curved Line Source (Circular Wedge) (Cont.

— 81 points, , 100°, 54” high (one wavelength at 25%
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Simulation Results
Curved Line Source (Circular Wedge)

— 81 points, , 100°, 54” high (one wavelength at 250 Hz)

DATA AT 3.15 kHz
HOR. POLAR VERT. POLAR FOOTPRINT

+a0 +0

Hor 3.15 kHz
-E0° ne H0"

316 kHz Theta
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Simulation Results
e Circular Spherical Cap Cont.

— 381 points, , 100°, 13.5” dia., 11 concentric ringSHy

lr"'
"
. i..l.lll
e b gpp 0B
LN NN L
s T BB Er R
....II

7]
[=k]
—
!
= -
@
-
=T
Pl

EEREE E EEEY 3
[

Axis- Inches

9/19/00 Keele: Application of CBT Theory to Loudspeaker Arrays Slide 48




Circular Spherical
Cap Array

381 Sources,

11 concentric rings,
100°,
One-wavelength
diameter at 1 kHz
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Simulation Results
* Circular Spherical Cap Cont.

» 381 points, , 100°, 13.5” dia., 11 concentric rWh
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Simulation Results

Circular Spherical Cap

D
» 381 points, , 100°, 13.5” dia., 11 concentric rings

DATA AT 3.15 kHz
HOR. POLAR VERT. POLAR FOOTPRINT

+a0 +0

Hor 3.15 kHz
-E0° ne H0"

316 kHz Theta
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Elliptical Toriodal
Cap Array

372 Sources,
100° H x 50° V,
27H 13.5” W,
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Simulation Results
 Elliptical Toriodal Cap Cont.

» 372 points, , 1006 Hx 50°V, 27” H Z W
BEAMWIDTH DIRECTIVITY
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Simulation Results

 Elliptical Toriodal Cap S
e 372 points, , 100° Hx 50°V,27"Hx 13.5" W

DATA AT 3.15 kHz
HOR. POLAR FOOTPRINT

Hor3.15 kHz /7 &0°

-30=

Vert 3.15 kHz .a0e " - -En° e +50°
3.16 kHz Theta
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Simulation
Results

Cont.
 Elliptical Toriodal
Cap

e 372 points,
« 100°Hx 50°V,
e 277Hx 13.5” W

* Footprints from
630 Hz (Top) to
16 kHz (Bottom)
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Conclusions:

 Pros

Nearly perfect directional characteristics

Nearly perfect power response and directivity control

Patterns do not change with distance (no nearfield)

Rapid rolloff of SPL with angle, high off-axis attenuation

Simple shading, level changes only (flat response, zero phase)
Can use many similar drivers, no crossover required

Can develop self-contained wide-band constant directivity system
Theory useful for arrays of larger systems

e Cons

Complex Enclosure and wiring
Lots of drivers!
High-frequency roll-off
Unequal power distribution
(Although shading can be defeated to create a higher power system, this provides
significantly less pattern control.)

Possible Future Investigations

— Phase response, time response, spherical steerable arrays, arbitrary pattern spherical arrays
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The End:

That’s All Folks....





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


