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Feel free to interrupt me 
with questions at any 

time!
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But Wait, Before We Start………….But Wait, Before We Start………….

Are any of youAre any of you 
runner?runner?
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Keele’s A Runner Now!

• Started about two and half years ago.
• Last year I’ve done 28 competitive events mostlyLast year I ve done 28 competitive events mostly 
road races: 5K (3.1 mile), 4.5 mile, and 10K 
distances including five half marathons (13.1 
miles); with a triathlon and a 38 floor stair climbmiles); with a triathlon, and a 38‐floor stair climb 
thrown in for good measure!

• Great fun!! My wife thinks I’m crazy!
• Pretty good for a guy who’s 69 now!
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Last year I ran a half marathon at Big Bear 
Lake California Altitude 6800 feet!Lake, California. Altitude 6800 feet!

(Sept. 12, 2009)
My goal was to beat 3 hrs. I did it in 2 hrs 50 mins! y g
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Half Marathon Route Map
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Took Lots of Pictures Along  the Way!
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And now back to our regularly 
scheduled presentation……..
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Is This Broadband Constant 
Directivity?
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Is This Broadband Constant 
Directivity?

Nope!Nope!
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Is This Broadband Constant 
Directivity?
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Is This Broadband Constant 
Directivity?

Nope!Nope!
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Is This Broadband Constant 
Directivity?
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Is This Broadband Constant 
Directivity?

Nope!Nope!
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Is This Broadband Constant 
Directivity?
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Is This Broadband Constant 
Directivity?

Nope!Nope!
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Is This Broadband Constant 
Directivity?

1/14/2010 Keele ‐ CBT Boston Presentation 19



Is This Broadband Constant 
Directivity?

Sort of!Sort of!
In horn’s range only!
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Is This Broadband Constant 
Directivity?
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Is This Speaker Broadband 
Constant Directivity?

Maybe,y ,
ButBut 
Unlikely
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Is This Broadband Constant 
Directivity?
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Is This Broadband Constant 
Directivity?

A BigA Big
N !Nope!p
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Is This Broadband Constant 
Directivity?

A Point Source
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Is This Broadband Constant 
Directivity?

A BigA Big
Y !Y ! Yep!Yes! p
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Is This Broadband Constant 
Directivity?

Neumann U87 Ribbon Mic.
(Figure Eight Pattern)

Y !Yes!
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Is This Broadband Constant 
Directivity?

Ab l t lAbsolutely
Y !Y ! Yes!
(D di d i d t il )

Yes!
(Depending on design details.)

Yes!
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Is This Broadband Constant 
Directivity?

Jim Long Don Keeleg

Y !Yes!

Yes! EV HR9040 
“White” Horn

1/14/2010 Keele ‐ CBT Boston Presentation 29

White  Horn 
(Circa 1975)



Is This Broadband Constant 
Directivity?

Yes!

A Q lifi d
Yes!

A Qualified
Y !Y ! Yes!
(If th h ’ bi h!)

Yes!
(If the horn’s big enough!)Yes!
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Is This Broadband Constant 
Directivity?

Altec Mantaray Pro Horns (Circa 1978)

JBL Bi-Radial Pro Horns (Circa 1980)
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Is This Broadband Constant 
Directivity?

Yes!Yes!
Yes!

A QualifiedY ! A Qualified
Yes!

Yes!
Yes!
(If the horn’s big enough!)Yes!
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Is This Broadband Constant Directivity?
Keele’s CBT ArraysKeele s CBT Arrays

DIY Home Theater Center Channel
Monte Kay

CBT45 Prototype

DIY Home Theater Center Channel
Marshall Kay
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Is This Broadband Constant 
Directivity?

Yes!Yes!
Yes!Yes!

AbsolutelyY ! Absolutely
Yes!

Yes!
Yes!Yes!
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Caution!! You are About to Enter 
the Keele “No Spin” Zone 
(with due credit to Bill O’Reilly of Fox News)

Remember that what I am going toRemember that what I am going to
talk to you about this evening is the
topic of two pending Harman CBT
patents hich ill iss e soon !patents which will issue soon !
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Pending Harman CBT Patentsg
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Military Prior ArtMilitary Prior Art

• CBTs first formulated in JASA papers published in p p p
1978 and 1983 describing  underwater transducers 
based on shaded spherical caps.
– [1] W. J. Trott, “Design Theory for a Constant‐Beamwidth Transducer,”[1] W. J. Trott,  Design Theory for a Constant Beamwidth Transducer,  

Naval Research Laboratory Report 7933 (1975 Sept.)
– [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).

– [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 )1266 1269 (1978 Nov.).

– [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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Quote from Introduction:
“It would, therefore, be desirable 
to have a broadband directionalto have a broadband directional 
transducer whose beam pattern is 
essentially independent of 
frequency over its bandwidth. 
With such a “constant beamwidth 
transducer” (CBT) the spectral 
content of the acoustic signal 
would be independent of bearing ”would be independent of bearing.
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Keele CBT References
• Keele Five AES CBT Papers (2000‐2005):

– [1] D. B. Keele, Jr., “The Application of Broadband Constant Beamwidth 
T d (CBT) Th t L d k A ” 109th C ti f th A diTransducer (CBT) Theory to Loudspeaker Arrays,” 109th Convention of the Audio 
Engineering Society, Preprint 5216 (Sept. 2000).

– [2] D. B. Keele, Jr., “Implementation of Straight‐Line and Flat‐Panel Constant 
Beamwidth Transducer (CBT) Loudspeaker Arrays Using Signal Delays,” 113thBeamwidth Transducer (CBT) Loudspeaker Arrays Using Signal Delays,  113th 
Convention of the Audio Engineering Society, Preprint 5653 (Oct. 2002).

– [3] D. B. Keele, Jr., “Full‐Sphere Sound Field of Constant Beamwidth Transducer 
(CBT) Loudspeaker Line Arrays,” J. Audio Eng. Soc., vol. 51, no. 7/8 (July/August 
2003).

– [4] D. B. Keele, Jr., “Practical Implementation of Constant Beamwidth Transducer 
(CBT) Loudspeaker Circular‐Arc Line Arrays,” 115th Convention of the Audio 
Engineering Society Preprint 5863 (Oct 2003)Engineering Society, Preprint 5863 (Oct. 2003).

– [5] D. B. Keele, Jr. and D. J. Button, “Ground‐Plane Constant Beamwidth 
Transducer (CBT) Loudspeaker Circular‐Arc Line Arrays,” 119th Convention of the 
Audio Engineering Society, Preprint 6594 (Oct. 2005).g g y, p ( )
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Spherical Cap TransducersSpherical Cap Transducers

• 100° Circular Spherical Cap100 Circular Spherical Cap

Oblique View Side View
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Shaded Spherical CapShaded Spherical Cap

• Legendre Function ShadingLegendre Function Shading
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( ) Legendre function of order  ( 0) of argumentvP x v v= > ,x
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Shaded Spherical CapShaded Spherical Cap
• Velocity shading functions for Legendre orders 

f 5 7 5 d 10 (R d d f Rof v = 5, 7.5, and 10. (Reproduced from Rogers 
and Van Buren [2]):
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Shaded Spherical CapShaded Spherical Cap

• Approximation to Farfield Pressure PatternApproximation to Farfield Pressure Pattern

( ) ( ) 0cos forvP θ θ θ≤⎧
⎨( ) ( ) 0

0

cos o
0 for

vp
θ θ θ

θ
θ θ

⎧
⎨

>⎩where
=

( ) radial pressure distribution.p θ =

QED S f di t ib ti fi ldQED: Surface pressure distribution, nearfield pressure 
pattern, and farfield pressure pattern are all 
essentially the same i e no nearfield!! Polar pattern

43

essentially the same, i.e. no nearfield!! Polar pattern 
is independent of distance!!

1/14/2010 Keele ‐ CBT Boston Presentation



Shaded Spherical CapShaded Spherical Cap
• Power Series Approximation of Legendre 
Shading Function (Keele):Shading Function (Keele):

( )
2 31 0.066 1.8 0.743 for 1

0 for 1
x x x x

U x
x

⎧ + − + ≤
≈ ⎨

>⎩ 0 for 1x >⎩

0

where

 = normalized angle x θ
θ
⎛ ⎞
⎜ ⎟
⎝ ⎠
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Legendre Shading
Reproduced from Van Buren [4].
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Shaded Spherical CapShaded Spherical Cap
• Geometry of spherical cap constant-beamwidth 

transducers. (Reproduced from Rogers and Van 
Buren [2]):
P5 CBT 50° P7.5 CBT 34° P10 CBT 26°
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Shaded Spherical CapShaded Spherical Cap

• CBT polar patterns (Reproduced from Rogers and 
Van Buren [2]):

P5 CBT P7.5 CBT P10 CBT
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Apply CBT Theory to Loudspeaker Arrays
(From Keele 2000 [2])

Circular Spherical ‐Cap 
Array

Elliptical Toriodal‐Cap 
Array

Circular‐Arc Line 
ArrayArray Array Array
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Apply CBT Theory to Loudspeaker Line 
Arrays

Curved Line Source:
(Arrange speakers around a circular arc(Arrange speakers around a circular arc 
and apply frequency‐independent 
Legendre shading.)

Simulate 21 Sources around a 100°
circular arc. (Height is one‐wavelength ( g g
high at 1 kHz).

Simulate with and without shading

49

Simulate with and without shading.
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Apply CBT Theory to Loudspeaker Line 
Arrays

No DSP!! 

Curved Line Source:
(Arrange speakers around a circular arc

Shading can be 
implemented 
passively!!(Arrange speakers around a circular arc 

and apply frequency‐independent 
Legendre shading.)

p y

Simulate 21 Sources around a 100°
circular arc. (Height is one‐wavelength ( g g
high at 1 kHz).

Simulate with and without shading

50

Simulate with and without shading.
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Shading 
(Sh L l i dB)(Show Level in dB)

No Shading

0 dB

With Legendre Shading
(‐12 dB Truncated and Stepped)

12 dB

0 dB

0 dB

‐6 dB

‐9 dB
‐12 dB

0 dB

0 dB ‐3 dB

0 dB,  On Axis‐‐‐‐‐‐‐>

0 dB

0 dB

0 dB ,  On Axis‐‐‐‐‐‐‐>

0 dB

0 dB

0 dB

‐3 dB
‐6 dB

‐9 dB
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0 dB
9 dB

‐12 dB
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Truncated and Stepped Shading 
Implemented PassivelyImplemented Passively 
(Five Banks: 0, ‐3, ‐6, ‐9, ‐12 dB)

1/14/2010 52Keele ‐ CBT Boston Presentation



Truncated and Stepped Shading 
Implemented PassivelyImplemented Passively 
(Five Banks: 0, ‐3, ‐6, ‐9, ‐12 dB)
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Simulation Results
• Curved Line Source (100° Circular Arc)• Curved Line Source (100 Circular‐Arc)

• No Shading (Equal drive levels)

BEAMWIDTH DIRECTIVITY

ON‐AXIS

LOSS

54

LOSS
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• Curved Line Source (100° Circular Arc)
Simulation Results

• Curved Line Source (100 Circular‐Arc)
• With Full Legendre Shading

BEAMWIDTH DIRECTIVITY

ON‐AXIS

LOSS

55

LOSS
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• Curved Line Source (100° Circular Arc)
Simulation Results

• Curved Line Source (100 Circular‐Arc)
• With Full Legendre Shading

BEAMWIDTH DIRECTIVITY

Darn near perfect!!

ON‐AXIS

LOSS

56

LOSS
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Two CBT Line‐Array VersionsTwo CBT Line Array Versions
Free‐Standing Ground‐Plane Version
Version (Cutoff the bottom half of the array and 

place the bottom on a reflective 
surface.)
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A Comparison of the Simulated 
Vertical‐Plane Sound Field of 

Six Different Types of Line ArraysSix Different Types of Line Arrays
• Types of Arrays:

– 1. Straight‐Line Array: g y
• No Shading

– 2. Straight‐Line Array: 
• With Shading (Hann)

– 3. Curved‐Line Array: y
• 60° Circular‐Arc, No Shading (Provides a coverage angle of about 60° at high 

frequencies)
– 4. CBT Curved‐Line Array:

• 60° Circular‐Arc, With Shading (Legendre) (Provides a coverage angle of about 40°
t hi h f i )at high frequencies)

– 5. Straight‐Line Array, CBT Delay‐Curved: 
• Generates a 60° Circular‐Arc, With Shading (Legendre) (Provides a coverage angle 

of about 40° at high frequencies)
6 “J” Line Array:

58

– 6.  J  Line Array:
• No Shading, Straight Top Half , 60° Circular‐Arc Curved Bottom Half
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Six Different Types of Arrays Compared
All arrays are composed of 100 wide‐band omni‐directional point sources. Source

3) 60° Curved‐Line 
Array

No Shading

All arrays are composed of 100 wide band omni directional point sources. Source 
center‐to‐center spacing is about 20mm (0.8 in). (Only 50 sources shown on each array here.)

1) Straight‐Line 
Array

No Shading

2) Straight‐Line 
Array

With Shading

4) 60° Curved‐Line 
Array

With Shading

5) Straight‐Line Array 
60° Delay Curved
With Shading

6) J‐Line Array
No Shading

0 dB0 dB -44 dB

-17 dB -6 dB
-9 dB

-15 dB

-6 dB
-9 dB
-15 dB

0 dB

0 dB0 dB -6 dB

-1.4 dB

-3 dB -3 dB 0 dB

0 dB
2 m

0 dB 0 dB

-1.4 dB

0 dB 0 dB 0 dB

0 dB

0 dB0 dB -6 dB

-17 dB -6 dB
-9 dB

-3 dB

-6 dB
-9 dB

-3 dB

0 dB
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0 dB0 dB
-44 dB -15 dB -15 dB

0 dB
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Simulation ConditionsSimulation Conditions

Conditions:Conditions:
– Straight‐line array is located at origin. Curved‐line arrays are 
located with center of curvature at origin.

– The vertical sound field is plotted in a region of 6 x 6 m (240 
in, 20 ft) with origin on left at (0, 0).
Th dfi ld l d ll 3 d– The soundfields are plotted at all 3rd‐octave center 
frequencies from 50 Hz to 20 kHz.

– All arrays are equalized flat on axis at 6 m (240 in, 20 ft).All arrays are equalized flat on axis at 6 m (240 in, 20 ft).
– SPL magnitude is plotted on the left and phase on the right. 
Note that phase plot is only accurate up to roughly 2 kHz 

d h b l l ll h h f

601/14/2010

and exhibits visual aliasing at all higher frequencies.
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Example Simulation of Straight‐Line ArrayExample Simulation of Straight Line Array
STRAIGHT‐LINE ARRAY, 2m HIGH, 100 SOURCES, EQUAL DRIVE LEVELS (No shading): 1 kHz

611/14/2010

Equalized Flat On Axis
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Switch to Straight‐Line PPT Demo
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Frequency: 1 kHz  Composite Simulations
1. Straight‐Line Array, No Shading 4. CBT Curved‐Line Array

2 Straight‐Line Array With Shading 5 CBT Delay Curved Straight Line Array2. Straight‐Line Array, With Shading 5. CBT Delay‐Curved Straight‐Line Array

3. Curved‐Line Array, No Shading 6. “J” Line Array
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Frequency: 1 kHz  Composite Simulations
1. Straight‐Line Array, No Shading 4. CBT Curved‐Line Array

2 Straight‐Line Array With Shading 5 CBT Delay Curved Straight Line Array

CBT Arrays
2. Straight‐Line Array, With Shading 5. CBT Delay‐Curved Straight‐Line Array

3. Curved‐Line Array, No Shading 6. “J” Line Array
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Pl C it S d Fi ldPlay Composite Sound‐Field 
Simulation PPT MovieS u at o o e
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CBT Array Polar Pattern is Independent 
fof Distance! 

100 m Polar Map

Polar Rotation:

10 m Polar Map

1 m Polar Map
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Implementation of CBT ArraysImplementation of CBT Arrays

• Angle vs. Height vs. LF Control Frequency 
Tradeoffs: Show Nomographsg p

• Implementation using individual drivers
• Keele Prototypes• Keele Prototypes
• Implementation using systems
• Marshall Kay Church System
• Monte Kay Home Theater Center Channely
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FREE‐STANDING CBT ARRAY: Angle vs. Height vs. LF Control Frequency
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GROUND‐PLANE CBT ARRAY: Angle vs. Height vs. LF Control Frequency
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Implementation Using Individual 
Drivers
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Implementation Using Individual 
Drivers
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Implementation Using Individual 
Drivers
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Keele’s CBT Prototypes
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Keele’s First CBT Array Prototype

Uses 18 each 
2.25” drivers, and 
50 each 0.75” dia 

id d iwide-range drivers 
(used in Toshiba 
laptops).
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Remember the Harman KardonRemember the Harman Kardon 
Soundsticks PC Multimedia 

Speakers?

1/14/2010 Keele ‐ CBT Boston Presentation 75



Keele’s Second CBT Array PrototypeKeele s Second CBT Array Prototype 
of 2004 (CBT45) 

• DESCRIPTION:
• CBT 45°‐Arc Curved Array
• Ground‐Plane Design
• Height =  1.35m (54in)
• Uses 48 AKG XXL‐V5 Headphone Drivers
• Operating range of 100 Hz to 12 kHz
• Composed of Eight 5.625° Straight Segments
• Each segment is constructed of 4in‐ID clear PVC pipe 

( h l l )(www.harvelplastics.com)
• Provides a 34° vertical beamwidth (‐6 dB)
• Controls coverage down to 200 Hz
• Qualifies for a true wide‐band constant directivity source!
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CBT45 Array CAD Drawingy g
8

R 76.425
1.000

1.300

3.000

6

7

7.500 Typ

132.19° 23.91°

54.041

45.0°
4

5

45.648

2

3

5.625° typ1

4.505

24.000
23.750

.500 1.775
1.300 dia

76.425
25.570
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CBT45 Photos
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CBT45 Photos
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CBT45 Photos
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CBT45 Array Wiring Diagram
(Implements stepped and truncated Legendre Shading)

Rated Impedance: 8 OhmsRated Impedance: 8 Ohms
Minimum Impedance: 6.4 OhmsMinimum Impedance: 6.4 Ohms

+

WIRING DIAGRAM (48 AKG XXL-V5 Driver Array) (Assumes Driver Minimum Impedance of 55 Ohms 
and Maximum of 150 Ohms (At Z peak))

Zmin = 3/4 x 55 = 41.25 Ohms

Zmin = 52.2 Ohms

Zmin = 2/10 x 55 = 11.0 Ohms

Bank 1:
20 Drivers
(2x10)

Bank 2:
12 Drivers
(3x4)

Bank 3:
8 Drivers
(4x2)

Bank 5:
4 Drivers
(2x2)

Desired L-Pad
Attenuation 
= 18 0 + 20*Log(2)

Max Input 
Voltage =
15.0 Vrms Zmin = 42.4 Ohms

Bank 4:
4 Drivers
(2x2)

Desired L-Pad
Attenuation

Zmin = 4/2 x 55 = 110 OhmsInput +

+ +

+ +

+ +

+

Zmin Input 
= 1/(1/11+1/41.2 +1/110+1/42.4+1/52.2)

= 6.0 Ohms

D3 3 D3 4

D3 5 D3 6

Max Input (HF) (First Bank)

Drivers Zmin
= 2/2 x 55 
= 55 Ohms

= -18.0 + 20*Log(2)
= -18.0 + 6.0 = -12.0 dB

3.8 Vrms
= -12 dB x  15 Vrms

+ +

D2 1 D2 2

+ +

D2 3 D2 4

Drivers Zmin
= 2/2 x 55 
= 55 Ohms

Attenuation
= -15.0 + 20*Log(2)
= -15.0 + 6.0 = -9.0 dB

5.3 Vrms 
= -9 dB   x  15 Vrms15 Vrms

15 Vrms

15 Vrms

-

+ + + +

+ + + +

+

+ +

+ +

D1 D2 D3 D4

D1 1 D1 2 D1 3 D1 4

D3 7 D3 8

D3 9 D4 0

= 2(7.5) 
(7.5 Vrms = 1W @ 55 Ohms)
= 15 Vrms

+ +

+ +

+

D4 5 D4 6

D4 7 D4 8

16.0 Ohms
0.9 W
(8.0 + 8.0 OK)

39.8 Ohms
3.1 W
(40.0 OK)

System Max Continuous
Input Power (HF)
= 15̂ 2/6 
= 37.5 Watts (6 Ohms)

+ + + +

+ + + +

D5 D6 D7 D8

D1 5 D1 6 D1 7 D1 8

+ +

+ +

D9 D1 0

D1 9 D2 0

+ +

D2 5 D2 6

+ +

D2 7 D2 8

+ +

D2 9 D3 0

+ +

D3 1 D3 2

+ +

+ +

+

D4 1 D4 2

D4 3 D4 4

19.1 Ohms
1.5 W
(15.0 + 4.0 OK)

28.2 Ohms
3.5 W
(20.0 + 8.0 OK)

Input -
-

PTmax 
Odyssey 2 
driver 
= 2 W
= 2.5 Vrms (@ 
3.2 Ohms)

Desired Driver Levels:
                 0 dB                          -3 dB                                     -6 dB                                  -9 dB                                -12 dB
Actual Driver Levels:
                -6.0 dB                  -9.5 dB                               -12.0 dB                              -15.0 dB                             -18.0 dB

= 20*Log(1/2) = 20*Log(1/3) = 20*Log(1/4)
Drivers:  20ea (D1-D20),        12ea (D21-D32),      8ea (D33-D40)             4ea (D441-D44),              4ea (D45-D48) 

Resistor powers are
actual with 15 Vrms
applied.
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CBT45 Driver Layout and ShadingCBT45 Driver Layout and Shading

Total of 48 DriversTotal of 48 Drivers

BOTTOM OF 
ARRAY

TOP OF 
ARRAY

Total of 48 DriversTotal of 48 Drivers

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 D20 D21 D22 D23 D24 D25 D26 D27 D28 D29 D30 D31 D32 D33 D34 D35 D36 D37 D38 D39 D40 D41 D42 D43 D44 D45 D46 D47 D48

BANK 1 (0 dB) BANK 2 (-3 dB) BANK 3 (-6 dB) BANK 4 (-9 dB)
BANK 5 (-12 dB)
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CBT45 Measured Voltage Drive of 
Shading Network
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AKG Headphone Driver ResponseAKG Headphone Driver Response
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CBT45 Measured System 
Impedance
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Keele’s Third CBT Array Prototype 
f 2004 (CBT30)of 2004 (CBT30) 

• CBT30 Ground‐Plane CBT Array
– 1.9 m (6.25’) High
– 30° Circular Arc
– Uses 90 Each Odyssey 2, 18 mm (0.71”) Dia. Harman 

Multimedia DriversMultimedia Drivers
– Uses 34 Each Warrior 53 mm (2.1”) Dia. Harman 

Multimedia Drivers
– Crossover: 1 kHz
– Operating range of 100 Hz to 20 kHz
– Passive Shading Network
– Qualifies as a true wide‐band constant directivity 

source! (200 Hz and Up)source! (200 Hz and Up)
– Narrow 22° Vertical Coverage (‐6 dB)
– Wide 180° Horizontal Coverage
– Extremely Even Coverage! Up‐Down, Right‐Left, Far‐
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– Can Play Very Loud and Clean!



Keele’s Third CBT Array Prototype of 2004
CBT30CBT30
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Keele’s Third CBT Array Prototype of 2004
CBT30CBT30
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Keele’s Third CBT Array Prototype of 2004
CBT30CBT30
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Keele’s Third CBT Array Prototype of 2004
CBT30CBT30

1/14/2010 90Keele ‐ CBT Boston Presentation



CBT45 vs. Revel Salon
(Measured Both with and Without Carpet)(Measured Both with and Without Carpet)
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Photos Revel Salon
(M d B h i h d Wi h C )(Measured Both with and Without Carpet)
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Revel Salon DescriptionRevel Salon Description
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Revel Salon
Response vs Height

at 0 1m Front of System1.5 m

2 m

5

6

7

8

at 0.1m Front of System
(Over Perfectly Reflective Ground‐Plane Surface)

1 m

Test Mic Locations

1

2

3

4

0 m

0.5 m
Test Mic Locations

50ms Window
0.1m

0.5 m

1 m

0 m
1.5 m

2m
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1.5 m

2 m Revel Salon
Response vs Height

at 1m Front of System

1 m

Test Mic Locations
5

6

7

8

at 1m Front of System
(Over Perfectly Reflective Ground‐Plane Surface)

0 m

0.5 m
Test Mic Locations

1

2

3

4

1 m

50ms Window1 m

0 m

1 m

0 m
0 5 m 0 m

2m

0.5 m
1 m

1.5 m

2 m2 m
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1.5 m

2 m Revel Salon
Response vs Height

at 2m Front of System

Test Mic Locations

1 m

Test Mic Locations
5

6

7

8

at 2m Front of System
(Over Perfectly Reflective Ground‐Plane 

Surface)

Test Mic Locations

50ms Window0 m

0.5 m
Test Mic Locations

1

2

3

4

2 m

2 m

2 m

0 m

2 m
1 m
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1.5 m

2 mRevel Salon
Response vs Height

at 3m Front of System

1 m

Test Mic Locations
5

6

7

8
(Over Perfectly Reflective Ground‐Plane 

Surface)

50ms Window0 m

0.5 m
Test Mic Locations

1

2

3

4

3 m

3 m

3 m

0 m

2m

0 m

2 m
1 m

2m
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CBT45 
Response vs Height

at 0 1m in Front of Array1.5 m

2 m

at 0.1m in Front of Array
(Over Perfectly Reflective 
Ground‐Plane Surface)

5

6

7

8

1 m

Test Mic Locations

1

2

3

4

0 m

0.5 m
Test Mic Locations

25ms Window

0 m
0.5 m
1 m

0.1m

1.5 m

2 m2 m
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1.5 m

2 m CBT45 
Response vs Height

at 1m in Front of Array

1 m

Test Mic Locations
5

6

7

8

at 1m in Front of Array
(Over Perfectly Reflective 
Ground‐Plane Surface)

0 m

0.5 m
Test Mic Locations

1

2

3

4

1 m

1 m 25ms Window

0 m

1 m

0 m

2 m
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1.5 m

2 m CBT45 
Response vs Height

at 2m in Front of Array

1 m

Test Mic Locations
5

6

7

8

at 2m in Front of Array
(Over Perfectly Reflective 
Ground‐Plane Surface)

0 m

0.5 m
Test Mic Locations

1

2

3

4

2 m

2 m 25ms Window
2 m

0 m

2 m

1/14/2010 100Keele ‐ CBT Boston Presentation



1.5 m

2 mCBT45 
Response vs Height

at 3m in Front of Array

1 m

Test Mic Locations
5

6

7

8

y
(Over Perfectly Reflective 
Ground‐Plane Surface)

0 m

0.5 m
Test Mic Locations

1

2

3

4

3 m

3 m 25ms Window
3 m

0 m

2 m2 m
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Revel Salon vs CBT45, 2m On Axis, 1m High
(Over Perfectly Reflective Ground‐Plane Surface)

CBT45 Array Revel Salon

4

5

6

7

8

Test Mic 
Location4

5

6

7

8

Test Mic 
Location

1 m 1 m

CBT45 Array Revel Salon

1

2

3

2 m

Location
1

2

3

2 m

Location
2 m2 m

100ms Time Window

1/14/2010 102Keele ‐ CBT Boston Presentation



2 m

CBT45 Horizontal Off‐Axis Frequency Response

Test Mic 
Location4

5

6

7

8

1 m

0°
15°

30° Location
1

2

3

2 m

2 m

25 ms Time Window

30
45°

60°
75°
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Response vs Distance at Seated Height
1m (40 in)

5

6

7

8

1m 2m 3m0m 0.5m 1.5m 2.5m

1

2

3

4

1m (40 in)

Test Mic Locations
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1m 2m 3m0m 0.5m 1.5m 2.5m

Response vs Distance at Standing Height
1.6m (64in)

5

6

7

8

1 6m (64 in) Test Mic Locations

1

2

3

4

1.6m (64 in)

Fits a 4 to 5 dB response 
envelope from near to far!envelope from near to far!
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Nearfield Response vs Distance
(1”, 2”, 4” and 8”)
t S t d H i ht

7

8

at Seated Height
1m (40 in)

4

5

6

1m (40 in)
Test Mic Locations

1

2

3 1m (40 in)
Note uniformity of very-
close response! Is a perfect 
near-field monitor!
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Implementation Using Systems
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Implementation Using Systems
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Implementation Using Systems
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A Killer CBT Ground‐Plane System I designed Using 18 Each JBL VT4886 & 12 
Each VT4883 Systems Drawing Using SketchUp. An 18° circular arc with an 

above‐ground vertical beamwidth of 13.5°.g

This system should be an 
absolute killer!!! 36 eaabsolute killer!!! 36 ea 
compression drivers, 72 
ea 2.5” mids, 36 ea 6.5” 
LFs, and 24 ea 12” subs.LFs, and 24 ea 12  subs. 
13,500 Watts HF, 19,200 
Watts LF, 1,446 Lbs!!!!! 

But wait there’s 
more……………………….., 
double all these numbers 
for ground plane 
operation: 72 ea 
compression drivers, 144 

2 5” id 72 6 5”

1/14/2010 110

ea 2.5” mids, 72 ea 6.5” 
LFs, and 48 ea 12” subs!!
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Application of CBT arrays in
S d R i fSound Reinforcement:

New CBT Systems:
CBT 50LACBT 50LA
CBT 100LA
CBT 70J
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Application of CBT arrays in
S d R i fSound Reinforcement:

Remember that these JBL systems 
are the topic of two pending Harman

New CBT Systems:
CBT 50LA

are the topic of two pending Harman 
patents which will issue soon!

CBT 50LA
CBT 100LA
CBT 70J
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Application of CBT arrays in
Sound Reinforcement:Sound Reinforcement:

• (Aug. 28, 2008) I received e‐mail and photos 
from Marshall Kay concerning large 12 ft tall 
CBT arrays that they constructed and installed 
in a large church in North Carolina. 

• Kay is founder and president of loudspeaker 
manufacturer Audio Artistry. Siegfried Linkwitz 
works for them and is responsible for theirworks for them and is responsible for their 
current speaker line. Here is their “Beethoven” 
system ‐‐‐‐‐
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CBT Arrays Installed in Marshall Kay’s large 1200 seat 
North Carolina Church in a LCR configuration

(56 Four inch midrange drivers and 22 Ribbon Drivers)
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CBT Array Installed in North Carolina Church 
Cont :Cont.:
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CBT Array Installed in North Carolina Church 
Cont :Cont.:
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CBT Array Installed in North Carolina Church 
Cont :Cont.:
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Three Half‐Height Stage MonitorsThree Half Height Stage Monitors
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Three Half‐Height Stage MonitorsThree Half Height Stage Monitors
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Three Half‐Height Stage MonitorsThree Half Height Stage Monitors
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Side View of Church

Array Details:
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CBT Array Installed in North Carolina Church Cont.:CBT Array Installed in North Carolina Church Cont.:
Comments from Kay’s E‐mail:

• Kay comment: “Coverage is quite uniform over most of the seating area y g q g
and we have had overwhelming positive responses about the sound 
quality. I am amazed at how quickly the level drops as you pass by the ‐
6dB point and this required us to carefully tweak the aiming of the arrays 
to keep from missing seats in the front of the church.” 
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d hComments Concerning Listening Outside the Room

• Keele comments: “I was quite interested in your phone comment that when you step out 
the door of the church and hear the PA bleed through, the sound is well balanced and 
natural sounding and not like the typical sound system that sounds very muffled, bass 
heavy, and unintelligible. I attribute this completely to the constant directivity/beamwidth 
characteristics of the CBT array that energize the room with a flat sound power spectrum. 
It’s this characteristic of the CBT arrays that allows them to sound good even when listening 
behind a physical barrier that blocks the direct sound (see comment 3 in the next‐to‐the‐
last e‐mail in this chain).

• Kay comments: “Having worked with Siegfried Linkwitz on dipoles, the out of the room test 
is one I always check and I was happy to find that the balance was amazingly good. I think 
this approach to directivity control, that Don has describe so well in his papers, will help athis approach to directivity control,  that Don has describe so well in his papers, will help a 
lot of problematic acoustic situations. Hopefully, we will see it become available in a 
commercial offering available to all.”
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Recent Addition 
by Monte Kay to 

his Homehis Home 
Theater!

(Brother of Marshall Kay, 
http://www.mfk‐projects.com/)
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Monte Kay’s CBT Center Channel

324.00 in

(120° Circular‐Arc CBT Array, 7 ft Wide)
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Monte Kay’s CBT 
Center Channel

Uses 132 each 
T B dTang Band tweeters 
(0.77” Dia. Small!!): 
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Monte Kay’s CBT Center Channel
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Monte Kay’s CBT Center Channel
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Monte Kay’s CBT Center Channel
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Monte Kay’s CBT Center Channel
Monte 
Kay
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Monte Kay’s CBT Center Channel
Marshall 

Kay
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Use of Ground‐Plane CBT Line Arrays for Sound 
Reinforcement

Band Sound Reinforcement at Presidio Park, San Francisco, CA for 
“Bridge to Bridge” 12K Run, Sunday Oct. 5th, 2008
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Use of Ground‐Plane CBT Line Arrays for Sound 
Reinforcement: ContReinforcement: Cont.

• Wide‐angle broad‐band ground‐plane CBT line arrays offer a very viable, high performance, simple, and 
thrifty alternative to the usual reinforcement setup, particularly when the main speakers can’t be hung 
overhead. The usual arrangement consists of a pair of directional ground‐mounted main systems located on 
either side of the stage coupled with stage monitors on the stage as outlined in the previous descriptioneither side of the stage coupled with stage monitors on the stage as outlined in the previous description. 

• A single or double set of ground‐plane CBT arrays located on stage behind the performers can substitute for 
both mains and stage monitors. Thus located, the CBT array offers a number of very strong advantages:

1. Exceptionally Even Coverage:
The inherent broad‐band constant bandwidth/directivity design of the CBT arrays provides extremely even coverage at all 
locations: right‐left, up‐down, and near‐far. This includes points on and near the floor, points above the array, and points in the 
extreme nearfield only inches from the front surface of the array. Because the array is specifically designed to operate over a 
reflective ground plane, it does not suffer from destructive floor reflections that cause comb filtering effects.reflective ground plane, it does not suffer from destructive floor reflections that cause comb filtering effects.

2. Flat Energy Response: 
The system’s broad‐band constant directivity means that its radiated power is unvarying with frequency. 
With constant radiated power the system sounds equally well balanced in the direct field or in the reverberant field, and even 
b hi d b i h bl k h di dbehind obstructions that block the direct sound.

3. Less Front‐Back Variation in Sound Level:
The CBT array’s sound level falls only 3 dB for each doubling of distance for a significant distance in front of the array. This means 
that a CBT array can supply much higher levels in the back of venue for the same levels in front as compared to a typical sound 
reinforcement two‐way woofer‐horn speaker system. This also means that if a CBT array is set up to supply the same levels in 
the rear of the audience as a typical reinforcement speaker, the levels in the front of the audience area and on stage will be 
significantly lower. (See the following graphs.)
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Use of Ground‐Plane CBT Line Arrays for Sound 
R i f CReinforcement: Cont.

4. Improved Articulation and Intelligibility at all Listening Points:
This is a direct result of the constant beamwidth/directivity and the absence of polar lobes of the CBT array. Destructive side
wall reflections are minimized because the room’s side walls are illuminated with flat sound energy.

5. No Stage Monitors:
With the CBT arrays mounted behind the performers, the performers hear the same sound that the audience hears. 
Practically, this works only because a CBT line array’s sound level on stage is much lower than typical sound reinforcement 
speakers for the same level in the audience area.

6. No Interference with Audience Sight Lines:
This is a direct result of the capability of CBT arrays to operate behind the performers. Large and bulky systems mounted to 
the right and left of stage front are not required!

7. Less Prone to Feedback Problems and More Performer Freedom to Move Around on the Stage:
This is a another direct result of the constant beamwidth/directivity and the absence of frequency‐dependent polar lobes of 
the CBT array. With these characteristics, the feedback threshold is essentially independent of position which means that 
once the howl‐back level is set at a particular location, the system will not be prone to go into feedback at other locations.
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Use of Ground‐Plane CBT Line Arrays for Sound 
R i f CReinforcement : Cont.

8. No Voicing or On‐Site Equalization Adjustments Required:
Voicing and equalization is only a requirement for speaker systems that are not constant directivity and beamwidth and that 
may exhibit frequency‐dependent lobes. The CBT crossover and equalization is set at design time and requires essentially no 
adjustments in the field. The only choices that must be made in the field are the CBT’s coverage angle (directly dependentadjustments in the field. The only choices that must be made in the field are the CBT s coverage angle (directly dependent 
on the CBT’s arc angle: Beamwidth = 0.75 x ArcAngle) and its aiming.

9. A Much Simpler System:
a. Fewer speakers
b Fb. Fewer power amps
c. Fewer processing channels
d. Minimal on‐site voicing, equalization, and adjustment.
This is a direct result of the elimination of the stage monitors and the simpler curved‐arc CBT design that requires no DSP 
processing. The constant directivity/beamwidth nature of the CBT array minimizes the need for on‐sight EQ and adjustment. 
Set it up and forget it!
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SPL vs. DistanceSPL vs. Distance
• The following two graphs show the simulated sound pressure level versus distance comparing a point 

source to a 3m‐high 20‐deg‐arc ground‐plane CBT line array providing a 15 deg above‐ground beamwidth.source to a 3m high 20 deg arc ground plane CBT line array providing a 15 deg above ground beamwidth. 
This CBT array would be an appropriate design for the previously mentioned band application The point 
source rolls of at 6 dB per doubling of distance for all distances. However, the CBT array rolls at only half 
this rate at 3 dB per doubling of distance over a significant range of about 1 ft to 100 ft in front of the 
array. However, at distances beyond 100 ft, this CBT line array also rolls of at 6 dB per doubling of distance. 
I ll d i i h li h di ll ff f CBT li i i llIn contrast to an equally‐driven straight‐line array, the distance rolloff of a CBT line array is essentially 
independent of frequency. 

• The gradual 3 dB per doubling of distance rolloff of the CBT array is a great advantage in many sound 
reinforcement situations It means that the CBT array’s roll off with distance is much less rapid than thereinforcement situations. It means that the CBT array s roll off with distance is much less rapid than the 
roll off of a typical two‐way reinforcement system composed of a 15” woofer with HF horn. When the 
typical two‐way system is turned up loud enough to provide adequate level to the rear of the audience 
area, it is very loud at listening points near the front of the audience area and particularly loud directly in 
front of the speaker. The CBT array does not suffer from these problems.

• The advantages of the gradual 3 dB roll off of the CBT array are illustrated in the following two graphs. The 
first graph illustrates that for equal sound levels up front, the CBT array can provide much higher levels in 
the rear of the audience, sometimes as much as 20 dB! Alternately, the second graph shows that for the 

l d i h f h di h C b i ifi l l l d fsame loudness in the rear of the audience area, the CBT array can be significantly less loud up front, 
sometimes as much as 20 dB. 
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SPL vs. Distance
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SPL vs. Distance

1/14/2010 138Keele ‐ CBT Boston Presentation



An Excellent Book!
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Sound FieldsSound-Fields 
generated 

babove a 
ground plane 
by several 
sources.sources.
(Page Images Courtesy Focal Press)
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The Perfect 
Surround 
Speaker?Speaker?

(Page Images Courtesy Focal Press)
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CBT Ground‐Plane Array Upside 
Down on the CeilingDown on the Ceiling

(16° Circular‐Arc Array, 12° Beamwidth, 11.5 ft high)

Ceiling ReflectionCeiling Reflection

23 Ft

133 Ft

Standing Height

133 Ft
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Enough Already!Enough Already!
The EndThe End
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