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The Distributed Edge Dipole (DED) Model for
Cabinet Diffraction Effects*

M. URBAN, C. HEIL, C. PIGNON, C. COMBET, AND P. BAUMAN, AES Member

L-ACOUSTICS, 91462 Marcoussis, France

A simple model is proposed to account for the effects of cabinet edge diffraction on the
radiated sound field for direct-radiating loudspeaker components when mounted in an en-
closure. The proposed approach is termed the distributed edge dipole (DED) model since it
is developed based on the Kirchhoff approximation using distributed dipoles with their axes
perpendicular to the baffle edge as the elementary diffractive sources. The DED model is first
tested against measurements for a thin circular baffle and then applied to a real-world
loudspeaker that has a thick, rectangular baffle. The forward sound pressure level and the
entire angular domain are investigated, and predictions of the DED model show good agree-

ment with experimental measurements.

0 INTRODUCTION

The frequency response and directivity of a loudspeaker
system depend on the shape of the baffle, the location of
the sound source on the baffle, and the directivity of the
sound source itself. Olson [1] was the first to present ex-
perimental results concerning cabinet edge diffraction, ob-
serving that the radiated sound field depends on the ge-
ometry of the baffle.

Bews and Hawksford (B&H) [2] used the geometric
theory of diffraction to model diffraction due to the baffle
edges. In their approach, sound rays propagate along the
surface of the baffle and are scattered by the edges, pro-
ducing a series of infinitesimal omnidirectional secondary
edge sources.

Vanderkooy [3] derived an angular form factor for the
edge sources using Sommerfeld diffraction theory. The
diffracted pressure is no longer omnidirectional and is
highly dependent on the projected angle of observation.
Vanderkooy’s experimental results concerning the phase
behavior of the edge diffraction wave are highly signifi-
cant and of great interest.

However, current literature concerning the phenomenon
of edge diffraction is somewhat contradictory, and Wright
provides an excellent summary of the major inconsisten-
cies [4]. Wright relies on finite-element analysis to con-
sider cabinet edge diffraction, and his modeling results are
corroborated by practical experiments. Wright’s findings
are very important for the development of the DED model,
as will be discussed in the following.

Fig. 1 shows a representation of the baffle edge diffrac-
tion geometry, which is common to all models outlined in
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[4]. The sound pressure from the source P, propagates
to the baffle edges where it energizes a diffractive edge
sound source. The sound pressures of the driving source
and the contribution of the edge sources must be added in
order to determine the sound pressure at a given observa-
tion point. Essentially the problem is to characterize the
radiated sound field due to the edge sources or to deter-
mine an equivalent type of sound source that will account
for edge-related diffraction effects.

In this paper we choose to express the driving sound
pressure for a piston mounted on a finite baffle as follows:

Pyive(r; 0) = K(0) Poyoppe(r; 0) (1)
where

P paine(7, 0) is the sound pressure produced by the piston
when situated on an infinite baffle, K(0) is an angular form
factor for the driving sound pressure, which is character-
istic of a given model, and 0 is the polar angle between the
direction of observation and the axis of the source.

The elementary pressure induced by the edge sources
can be expressed as

—jkrp

AP, yee(r, 0) = F(0) Pyye(r=L, 6=90°) 2, dl. 2)

Pedge = JdPedge (3)
around edge
where

L distance from piston center to edge element pro-
jected differential length along baffle edge, d/ =
Ldd

r distance from piston center to observation point
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rp distance from edge element to observation point
F(0) angular form factor for edge sources; character-
istic of a given model.

The resultant pressure at the observation point is obtained
by adding the driving and edge contributions,

Pmtal(r’ e) = Pdrive(ra e) + Pedge(r? e) (4)

As a basis for comparison, the B&H [2] and Vander-
kooy [3] models will be evaluated. It will be seen that the
forward sound pressure level (SPL) as a function of fre-
quency is described correctly by these two models. How-
ever, both of these approaches are inaccurate when it
comes to characterizing the angular SPL dependence, and
this is especially true at 6 = 90°.

Section 1 presents the models from [2] and [3], intro-
duces the DED model, and compares all three modeling
approaches. In Section 2 a point source mounted on a
finite baffle is analyzed using the DED model and follow-
ing this, the case of an extended sound source is consid-
ered. In Section 3 the adopted experimental procedure is
described, and in Section 4 a detailed comparison of the
predictions of all three models is presented, with experi-
mental data for a thin circular baffle. Finally in Section 5
a more realistic thick, rectangular boxlike cabinet is mea-
sured and compared to the predictions of all three models.

1 DESCRIPTION AND COMPARISON OF THREE
MODELING APPROACHES FOR CABINET
EDGE DIFFRACTION

Fig. 2 defines the wedge angle 0y, and the boundary
between shadow and illuminated zones. The wedge angle
is defined by considering a section view along the
edge of the baffle. The angle ¢ is the angle neces-
sary to turn around the baffle completely, and the wedge

¥
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angle is defined as the interior angle of the baffle, that
is, Oy = 2m — ..

Fig. 2 shows two different baffle types. One is very thin
and corresponds to a wedge angle of 0° whereas the other
is boxlike with a wedge angle of 90°. Both baffle types
will be studied experimentally.

The dashed line extending along SP represents the geo-
metric shadow boundary. A straight line going from the
sound source to an observer situated in the shadow region
will have to pass through the baffle.

1.1 Driving Pressure in Shadow Zone

For a finite baffle it is possible to have an observation
point in the shadow region so the driving pressure must be
defined there. The question that arises is: should the driv-
ing pressure for the shadow region be symmetrical to the
driving pressure in the illuminated region, that is, for 6 >
90°, Pyive(0) = Pyive(180° — 0), or should it be zero and
therefore introduce a discontinuity on the boundary? Dif-
ferent driving pressure formulations in the shadow zone
are discussed in the following section for the various mod-
eling approaches.

1.2 Description of B&H and Vanderkooy Models

For B&H [2] there is no indication as to what the driv-
ing pressure should be in the shadow region. Since B&H
do not consider more than 10° off axis, consequently their
angular form factor for the driving sound pressure is set to
Kgu(0) = 1 (6 = 90°).

Vanderkooy [3] assumes that the driving pressure is
zero in the shadow region and the sound pressure in this
region is due to radiation from the baffle edges only. We
thus have K,(8) = 1 for 6 = 90°, and K,(6) = O for 6 >
90° for the Vanderkooy model.

1.2.1 Elementary Edge Diffraction Sources

The B&H model assumes that each elementary edge
element is sending out an isotropic spherical wave in
phase opposition with the main piston. Therefore the B&H

rp —

Cabinet

Fig. 1. Geometry common to all approaches for characterizing baffle edge diffraction.

1044

J. Audio Eng. Soc., Vol. 52, No. 10, 2004 October



PAPERS

angular form factor for the edge diffraction sources can be
written as

417 1
Fpy(0) = Fpy = m—Z 5 %)

Vanderkooy considers elementary edge sources with an
angular dependence that has phase opposition in the for-
ward direction and is in phase toward the rear. In general,
the Vanderkooy angular form factor for the edge diffrac-
tion sources can be expressed as

Fy(x)

1 sin[7/ (27 — 6y)] 1
2 1-6y/2m ( ™
COS

—
2- ew/w> "°°S<2 | ew/w>
(6)

The Vanderkooy angular form factor is now developed
for a thin circular baffle. In Fig. 3 M runs along the cir-
cular baffle and represents the edge element. The position
of M is defined by the angle ¢, which runs from O to 2,
and the radius OM = L. A distant observation point P is
shown in Fig. 3 and the vector OP makes an angle 6 with
OZ. P' is the projection of P onto the plane X'OZ, and ¥ is
the angle between MO and MP'.

For a thin baffle the wedge angle 6y, = 0° and the
expression for Fy,(x) reduces to

-1

Fy(x) = 2 cos(x/2) 7

Sound
Source

Shadow | Illuminated
LZone I Zone

|
|
1 Wedge Angle

Thin Baffle Oy=2m V¥

W=2n=>
Ow _— l]

DISTRIBUTED EDGE DIPOLE (DED) MODEL

Two cases exist for the shadow and illuminated zones,

1 2
(X<W)=>Fv(x)=—§\/m

3
1 2

> ==/

(x=>m = F(x) =5 T+ cos x
and since
MO - MP'  MO*+ MO - OP'
COSX="MomP™ = MO MP'
Yi Observation

Raffle P Point

Radius =L

Fig. 3. Geometry used to calculate angular form factor for
Vanderkooy model.

Shadow
Zone

Rectangular Box
WY=3n/2 =>
0\\-‘ =72

Fig. 2. Description of wedge angle 6, and shadow and illuminated zones for two kinds of baffles studied.
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the angular form factor F, for Vanderkooy can be
written as

Fy(x)=F\9, $)

1 -\V2

2 Lt L — OP sin 8 cos ¢ ®)
\/(OP sin 0 cos ¢ — L)? + (OP cos 0)*

1.3 Description of DED Model

An experiment described in [3] served as the conceptual
basis for the DED model. The experimental setup con-
sisted of a circular, 1-m-diameter wooden disk with a
tweeter mounted at its center. An electric impulse was
applied to the tweeter and the pressure response was mea-
sured at a 1-m distance, either directly on the tweeter axis
or behind the disk. It was observed that the wave radiated
from the edges was in phase opposition when facing the
baffle (illuminated zone) and in phase when the observa-
tion point was behind the baffle (shadow zone).

This experimental result prompted us to visualize the
phenomenon in the following way. When the main piston
compresses the air at very low frequencies, the air flows in
every direction and, in particular, along the baffle surface
until it reaches the edge, turns around, and goes behind.
This movement of the air around the edge is like a “ring
piston” moving backward in opposition to the main piston.
It is thus possible to understand the “phase reversing” in
the illuminating zone and the “in-phase” pressure in the
shadow zone. In an attempt to further describe this ring
piston effect the following is shown in the Appendix, us-
ing the Kirchhoff approximation.

1) The driving pressure for a source mounted in a finite
baffle versus an infinite baffle becomes

1+ cos6

Pdrive(r’ e) = Pmbafﬂe(r, 6) T
1+cos8 (10)

= Kppp(0) = T

2) The ring piston can be described as a distributed
dipole source,

2mL —ikrp

e
Prgee(r, 8) = —c0s 0 Py o(r =L, 6 =90°) f di
| 2mrp

2
Y

= Fppp(8) =—cos 6.

The cosine term in Eq. (11) is a signature of dipole be-
havior. The axis of the dipole is perpendicular to the face
of the baffle where the loudspeaker is mounted (Fig. 4),
hence the term, distributed edge dipole model.

It is known that the Kirchhoff approximation has been
validated close to the forward direction only. Nevertheless
for the DED model it will be assumed valid for all angles
in order to show how the driving pressure changes con-
tinuously from the illuminated zone across the boundary to
the shadow zone. This is fundamentally different from
Vanderkooy’s model since a continuous source avoids a
discontinuity at the boundary. Limitations of the Kirchhoff
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approximation and assumptions made in the formulation
of the DED model are considered acceptable since we are
primarily interested in modeling low-frequency diffraction
effects at large observation distances.

Using finite-element analysis, Wright [4] confirmed that
the edges are phase reversed in the illuminated zone and in
phase in the shadow region. Wright also showed [4, fig. 2]
that for a point source, along the shadow boundary (6 =
90°), the sound pressure from the diffractive edges is zero
and the pressure from the driving sound source is half of
its forward value. This is in agreement with the DED
model, that is, Kppp(90°) = Y2 and Fppp(90°) = 0.

It should be noted that as the frequency increases
and the sound source is no longer a point source, the
driving pressure on the edges will be less than half its
forward value due to the increasing directivity of the
source with frequency. (This will be discussed further in
Section 2.2.)

1.4 Summary of the Three Models

Angular form factors for the driving force K and the
edge pressure F for all three diffraction models are com-
pared in Table 1 for the case of a thin circular baffle.

It should be noted that there are significant differences
concerning the angular behavior of the driving pressure
K(0). For the DED model, K(0) is continuous across the

Uniformly
Distributed Dipoles

Fig. 4. DED model considers infinitely small dipoles distributed
continuously along baffle edge (in this case along circumference
of a thin circular baffle) and operating in phase opposition to
driving source.

Table 1. Comparison of angular form factors for driving force
K and edge pressure F for a thin circular baffle (6, = 0°).

n

Model K(0) K < =E>F ®)
Bews and Hawksford 1 when 6 = 90° 1

Not specified for D)

™ > 90°
Vanderkooy 1 when 6 = 90° 1

6 when 6 > 90° - m
DED model 1+ cos 6

s ) cos 0
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boundary whereas the Vanderkooy model postulates a dis-
continuous behavior.

The angular form factor for the elementary diffractive
sources on the edges, K(90°)F(8), is almost identical for
the three models in the forward direction (6 = 0°) in both
amplitude and phase. The phase inversion is commonly
predicted by all three models.

Significant differences are observed in other directions,
especially at 6 = 90°, where the DED model predicts no
contribution due to the edges whereas the Vanderkooy
model predicts large values.

In the rear direction (6 > 90°) the DED and Vanderkooy
models change sign, the B&H model does not.

2 PREDICTIONS OF DED MODEL

2.1 Point Source in a Finite Circular Baffle

To further illustrate the effects of edge dipoles, we now
consider a point source located at the center of a circular
baffle with radius L,

1+cos6

Prie(r, 0) = B P g7 0). (12)

The pressure of a point source on an infinite baffle is

efjkr
Pccbafﬂe(r’ e) = waafﬂe(r) :JkaQ ﬁ, (13)

where
p density of air, = 1.2 kg/m’
¢ sound velocity, = 340 m/s
k wave number, = 2 m/\
Q strength of point source, m?/s.

In the Appendix we obtained an expression for the el-
ementary edge sources [Eq. (58)] that is valid in the for-
ward direction only. As stated previously, for the DED
model it is assumed that this expression remains valid at
all angles, and we now proceed with this hypothesis.

In a given direction 6 the uniform distribution of
edge dipoles for the circular baffle produces pressure
Pedge(r’ e)’

1 2wl efjk”p
Pyee(r, 0) = —cos 6 Ewaafﬂe(L) { 2 d/ (14)
1 oL 2L e
Pgge(r, 0) = —cos 0 3 jpckQ L [ 2mr, d/ (15)
rp=r—L (16)
rp=r+L*=2r-L. (17)

For a distant observation point, r >> L, therefore

rP=r—T. (18)
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We choose to rotate the x and y axes in the plane of the
baffle so that » remains in the yz plane. Therefore, we have

rp=r—Lsin 0 sin (19)

Pedge(rs 6)

e—jkL g e—jkr ejkL sin 0 sin ¢

| 2L
=—cos 95 (JpckQ ﬁ) ‘!‘le

Sjkr\ 2L L kL sin Osin

1 e
=—COSG§<]pckQ2—ﬂ_r> {%—Ldl

2w
Poc aff e(r) . 1 . . .
L _LCOS 0 e*JkL f C']kL sin 0 sin ¢ do
2 21 7

cos 0
=-P wbafﬂe(" ) )

e Jy(kL sin 8) (20)
and the total pressure in direction 6 will be

Ptotal(r’ e) = Pdrive(r’ 6) + Pedge(r’ e)

1+cos6
= Popate( )

cos 0
= Poopane(r ) )

e J,(kL sin 0)

Pou(7,0) 1+cosB cos6
Poanie(r) 2 2

e J (kL sin 8). 21)

It should be noted that for 6 = 0 (the forward direction),
the Bessel function J, = 1 and Eq. (21) then reduces to the
result obtained in the Appendix [Eq. (53)].

At low frequencies, where kL < 1 or f (Hz) < 50/L (m),
we can approximate the exponential and the Bessel func-
tion by 1,

Pa(r, 0) l1+cos® cosH 1
= - == (22)
P atrie(r) 2 2 2

We thus have an isotropic angular distribution for the pres-
sure, and the amplitude is half the value of the pressure
for the same point source when mounted on an infinite
baffle.

The total pressure on axis for a point source in a finite
circular baffle can therefore be expressed as

14+ cos(0°) cos(0°) .
Proar(r, 0°) = Proyine(r) [ 2 —T, ¢ e

(23)
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The forward SPL is given by

forward SPL = 10 log,, [Py’ + constant

cos(kL)]?
=10 10g10{|waafﬂe|2<[1 - ; )]

sin(kL) |?
+[ > } )} + constant. (24)

Normalizing by the infinite baffle SPL gives
forward SPL (baffle of radius L) — forward SPL (ccbaffle)

=10 logm[l + ‘1—1 —cos (kL)]. (25)

Referring to Fig. 5, the DED model predicts that the
SPL in the forward direction oscillates from —6 to +3.5 dB.
For L = 0.4 m the first maximum will occur at 425 Hz, in
agreement with the result presented by Beranek in 1954 [5,
p. 238]. It is verified that the low-frequency SPL for a
point source under circular baffle mounting conditions is 6
dB below the SPL for the infinite baffle case.

2.2 Extended Source in a Finite Circular Baffle

Compared to the point source case, for an extended
sound source of radius R, the Bessel function is used to
characterize P . (1, 0),

2J,(kR sin ) e "

Pocbaff]e(ra 6) :.]kaQ kR Sin e %_‘ (26)
The driving pressure is
1+cos6
Pive(r, 0) = B Ppatrie(7 0). (27
When 6 = 90° this reduces to
P L.90°) =2 jpckg Z1ER) N 28
drive(r_ > )—2JPC Q kR 2TI'L ( )
10 T T T —
| m— Finite circular bafle
B - m ety —— it baffle H

dB

!
Freq(Hz) & SR 5
g o] n

1020/L

Fig. 5. Forward SPL normalized at 1 m for a point source
mounted on a circular baffle of radius L (meters) compared with
a point source mounted in an infinite baffle for a distant obser-
vation point.
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The driving pressure is inversely proportional to the fre-
quency. In other words, the strength of the edge dipoles
will be reduced at higher frequencies. This is expected
since the driving sound source is becoming more directive
as the frequency increases and does not energize the edges
as much. Fig. 6 displays the SPL versus frequency of a
12-in (0.3-m) loudspeaker mounted on a 0.5-m-radius cir-
cular baffle.

3 EXPERIMENTAL DATA

It was necessary to perform polar measurements of the
absolute SPL of a test loudspeaker mounted on an infinite
baffle in order to compare with measurements of the same
loudspeaker mounted on a finite circular baffle. This al-
lows for the extraction of the characteristic departures of
finite baffle mounting from infinite baffle behavior. The
infinite baffle is approximated by the ground and the loud-
speaker test configuration is pictured in Fig. 7.

3.1 Description of Experimental Setup

Measurements were performed outdoors to improve
low-frequency resolution. A 12-in (0.3-m) loudspeaker
component was selected in order to provide sufficient SPL.
output at 50 Hz while at the same time allowing for the
measurement of edge dipole effects up to 1 kHz. The
loudspeaker component was mounted in a cylindrical cabi-
net filled with damping material, forming a 46-L-volume
sealed enclosure. A 24-dB/oct high-pass filter was inserted
at 30 Hz with a 10-dB boost at 50 Hz in the signal chain
in order to obtain an on-axis frequency response as flat as
possible in the low-frequency range. Applying a 12-V rms
pink-noise signal to the loudspeaker yielded a satisfactory
measured SPL that was 20 dB above the ambient noise
centered at 50 Hz without reaching the loudspeaker’s
maximum excursion. In addition, a pink-noise weighted
maximum-length-sequence (MLS) signal provided low-
frequency preemphasis and improved the signal-to-noise

o T T T | —
| — Paint source
al- : o i = o cenote.| == Extended source |-

FraqgiHz)

Fig. 6. Comparison between forward SPL normalized at 1 m for
a point source and an extended source in a closed cabinet with a
circular and thin baffle of radius L = 0.5 m for a distant obser-
vation point. R = 0.128 m = effective radius of 12-in (0.3-m)
loudspeaker component used experimentally.
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ratio in the bass region significantly. The frequency re-
sponse was then calculated using the fast Fourier trans-
form of the impulse response obtained by the cross-
correlation operation between the MLS signals that are
generated and measured by the analyzer. The frequency
response obtained was then considered as a sensitivity
measurement at 2.83 V rms at 1 m for a system with 8 ()
nominal impedance. The frequency resolution and the step
between any two frequencies were equal to 50 Hz.

3.2 Infinite Baffle

For the test setup pictured in Fig. 7 the observation point
was 2.16 m away, and measurements were taken from on
axis (0°) to 90° in 10 steps. The SPL is shown in Fig. 8 as

o -

Observation point

Closed cabinet

-+

2.16m

DISTRIBUTED EDGE DIPOLE (DED) MODEL

a function of frequency, and it can be seen that the sound
source has isotropic behaviour up to 300 Hz while behav-
ing as a point source at lower frequencies.

3.3 Thin Circular Baffle

A second series of measurements was carried out in
order to determine the loudspeaker behavior in a finite
baffle. A circular wooden baffle with 0.5-m radius and a
thickness of 40 mm (wedge angle = 0) was constructed,
and the same 12-in (0.3-m) test loudspeaker was mounted
in this baffle. A test fixture was constructed to suspend the
cabinet and its circular baffle plus the microphone at a
height of 4.15 m (Fig. 9). The observation point was 2.16
m away, and the SPL was measured from 0 to 180° in

+
*

Ground

Fig. 7. Experimental setup for infinite baffle measurements.

=777
105

100

B)

SPL(

90

85

gl i i

100

1000

Freq(Hz)

Fig. 8. Frequency responses at 6 = 0°, 30°, 60°, 90° for 12-in (0.3-m) loudspeaker mounted in an infinite baffle (2.16-m measurement
distance).
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steps of 5° in the horizontal plane (Fig. 10) at a frequency
resolution of 50 Hz.

The SPL versus angle for infinite and finite baffles is
shown in Figs. 11-15 at five different frequencies. Note
that the infinite baffle has an angular range that stops at
90°. At 50 Hz (Fig. 11) it is seen that the forward SPL for
the infinite-baffle case is 4 dB above the finite-baffle con-
figuration. The finite-baffle case shows some directivity,
and it is interesting to note the 4-dB loss between the
forward and backward regions since the radius of the
baffle is 14 times smaller than the wavelength. As ex-
pected, the SPL for the infinite-baffle configuration re-
mains constant with angle at 50 Hz.

As predicted in Fig. 6, the forward SPL of the infinite
baffle will be equal to the forward SPL of the finite baffle

e

Closcd cabinet

PAPERS

at 150 Hz. This is verified by the measurements shown in
Fig. 12. It is also seen that at 150 Hz the finite baffle
becomes more directive while the infinite-baffle SPL still
remains constant with the angle. As predicted in Fig. 6, the
first SPL maximum will occur around 340 Hz.
Experimental results at 300 Hz, shown in Fig. 13,
indicate that the finite baffle delivers more power
in the forward direction than the infinite baffle. While
the infinite baffle is still constant with the angle, the
SPL of the finite baffle shows a pronounced notch at
6 = 125°. The first forward SPL minimum should occur
at 680 Hz. The experimental results of Fig. 14, performed
at 650 Hz, confirm this, and it is interesting to note that the
SPL for the finite-baffle case is maximum at an angle of
35° with a pronounced notch at 6 = 150°. It is also seen

\/ Circular baftle

Observation point

*

2.16m ’51_
+
+
+
+

x

x
*
Ll SR

Fig. 9. Experimental setup for measurements in finite circular baffle (top view).

L e e
105
100

95

SPL(dB)

3 4

0
85

80

- 0°

Freq(Hz)

Fig. 10. Frequency responses at 6 = 0°, 60°, 120°, 180° for 12-in (0.3-m) loudspeaker mounted in a finite thin circular baffle (2.16-m

measurement distance).
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05 : : : - : . .
! : ! == Finte bafle
: ; : 4 ! == Infinite bafle
100 f==---- VR s F=4llHz M
2
[V
o
&0 | | | i | I I L
J 0 40 i i w120 140 1E0 1A]
Ll
Fig. 11. SPL as a function of angle at F = 50 Hz for thin circular baffle.
105 : : ; : :
H == Finite bafile
@ Loveonnd:
= ) . j
= . . i i i i
f @ ] i :
O JNS WY PSS s |
0k L 2 bovemnnnes .
& i i i i i i
o 20 10 &0 & iC 120 10 160 16D
&%)
Fig. 12. SPL as a function of angle at F = 150 Hz for thin circular baffle.
108 | | : : . .
105 T T T T T T = Finite batl=
p == Firil bsills '

=+ Infinle baflz
F=30kHz

SHL {d=)

mh : s L . —
E - g el . e s
] - forenmen e - T I
o i i i i . i i
] x TR B 120 M0 1ED a0
5
Fig. 13. SPL as a function of angle at F = 300 Hz for

circular baffle.

J. Audio Eng. Soc., Vol. 52, No. 10, 2004 October

thin

[43)
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Fig. 14. SPL as a function of angle at F = 650 Hz for thin

circular baffle.
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that the infinite-baffle configuration starts to become
directive.

In the experimental results of Fig. 15 the infinite baffle
shows a higher degree of directivity while the SPL for the
finite baffle exhibits two pronounced notches at 6 = 120°
and 160°.

4 COMPARISON OF MODELS WITH
EXPERIMENTAL DATA FOR A THIN
CIRCULAR BAFFLE

To simplify the comparison between all three models,
the measured frequency response of the 12-in (0.3-m)
loudspeaker mounted in the infinite baffle is used as a
reference for normalizing the experimental data. To per-
form the normalization operation, the forward SPL as
measured under infinite-baffle mounting conditions is sub-
tracted from all angular measurements for finite-baffle
mounting conditions.

The comparison of the models is carried out using the
following formulas:

* B&H Model [2] Since the value of Pg,,. in the
shadow region is not specified in [2], B&H modeling
results are presented for 6 = 0° to 90° only,

Ptotal(rv e)
2’rrL
= Poopatne(7, 0) — oobafﬂe(r L,0=90°
(29)
» Vanderkooy Model [3]
For 6 < 90° (illuminated zone),
Po(7, 8) = Pouisie(r 8) = Popane(r = L, 6 =90°)
2wl e_jk’p
(30)

X -{ 2 cos (x/2) 2wrp di

e ———
== [inite haffe |
=+ Infnite baffe

F=UlHz [

SFL (dE)

& i i i i i i i
o E a0 i)

Fig. 15. SPL as a function of angle at F = 900 Hz for thin
circular baffle.
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For 6 > 90° (shadow zone), P4,. = 0 in the shadow
zone. Therefore

P(r, 6)

2wL e*jk"p
=0—-Pum(r=L,06=90 )[mﬁdl. (31)

* DED Model For the DED model, Py, is continuous
from the illuminated zone to the shadow zone,

1+ cos6
Ptotal(r’ e) = waafﬂe(r’ e)
0 (r=L,6= 90°)2j£ o
- 00 affle\ ) =
2 baffl 211_ P
(32)
For all models,
b . 2J,(kR sin 0) ¢ 33
wbafﬂe(r’ ) _Jpc Q kR Sin 9 211'}" ( )
where r = 2.16 m, L = 0.5 m, and R = 0.128 m.

Results are normalized by dividing by the infinite-baffle
pressure,

2J,(kR sin 0°) e eI

Pmbafﬂe(r’ 0= 00) :JkaQ kR sin 0° 21_”, Jp Q

2mr

(34

Let us first consider the forward SPL. Subtracting the
SPL of Fig. 8 from the SPL of Fig. 10 gives the results
shown in Fig. 16. Fig. 16 can be compared directly with
Fig. 6. In Fig. 16 it is to be noted that all three models are
in close agreement in the forward direction.

However, as seen in Figs. 17-21, significant differences
occur between models off axis. In these figures the SPL
for the finite-baffle case is normalized by the forward
SPL of the infinite baffle and then plotted as a function
of angle for the discrete frequencies considered in Sec-
tion 3.3.

In Figs. 17-21 it is seen that the B&H model does not
exhibit high enough directivity. For frequencies above 150
Hz the Vanderkooy model reproduces very well the for-
ward and backward measurements, but predictions around
6 = 90° are divergent. The DED model offers a better
consistency over the whole angular and frequency ranges.

5 COMPARISON OF MODELS WITH
EXPERIMENTAL DATA FOR A RECTANGULAR
LOUDSPEAKER ENCLOSURE

We now present measurements and simulation results
for the rectangular loudspeaker enclosure depicted in Fig.
22. Ground-plane measurements were performed outdoors
with the microphone at a 3.16-m distance from the center
of the front face of the enclosure. The measurements were
taken from on axis to 180° in 10° steps, around the ZOZ'
axis as shown in Fig. 22.

As depicted in Fig. 23, the edges of the front baffle and
of its ground-plane image are the location of the elemen-
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Fig. 16. Normalized on-axis frequency response, measurements versus model predictions.
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Fig. 17. Normalized SPL as a function of angle at F = 50 Hz for thin circular baffle.
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Fig. 18. Normalized SPL as a function of angle for F = 150 Hz for thin circular baffle.
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Fig. 19. Normalized SPL as a function of angle for F = 300 Hz for thin circular baffle.
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Fig. 20. Normalized SPL as a function of angle for F = 650 Hz for thin circular baffle.
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tary diffraction edge sources (represented as small full
circles in the middle of each elementary segment). For
modeling purposes, the spacing between elementary
sources is chosen to be much smaller than the wavelength
associated with the highest frequency of interest (300 Hz).
Measurements of SPL as a function of angle are compared
with the three model predictions at 150 and 300 Hz (Figs.
24 and 25, respectively).

For a rectangular enclosure the wedge angle 0y, = 90°.
Therefore, from Eqgs. (5) and (6) we obtain the correspond-

AL
15" 0.425
loudspeaker
component
ok,
___________ I o
0.58
0.36
_____ 7
j
T—
0.44

Fig. 22. Dimensions (meters) of thick rectangular baffle and
mounting position of loudspeaker component.

d
groun Elemeniary edge

surce : n

T'he axes of the dipoles
@ 0 are perpendicular to the
\ front ballle plane

(b)

Fig. 23. Edges of baffle and their image on the ground have been
replaced by densely spaced elementary edge sources (small full
circles). (a) Front view. (b) Top view, showing that dipole axes
for the DED model are perpendicular to front baffle plane.

J. Audio Eng. Soc., Vol. 52, No. 10, 2004 October

DISTRIBUTED EDGE DIPOLE (DED) MODEL

ing edge source terms for the B&H and Vanderkooy
models,

1 2 :
3 T AT atnd)

Fpy=-—

Contrary to these two models, the DED model makes
the assumption that the dipole edge sources do not depend
on the wedge angle. The axes of the dipoles in the DED
model are thus kept perpendicular to the front baffle plane,
as shown in Fig. 23, and as a first approximation we use
the same form factor as for the thin-baffle case,

Fpep(0) = —cos 6.

The question arises as to what is the relative weighting of
the elementary edge sources for the three models. The
driving pressure propagates to the baffle edges and dis-
tributes itself equally in ¢, the polar angle of the baffle
plane (Fig. 3). The relative weight of each elementary
edge source is thus given for the three models by the ratio
of the angle subtended by the elementary segment from
the driving sound source with 2. For instance, the driving
source S, excites the elementary edge source n with a
weight da;,/(27) and the image driving source S, excites
the same edge source n with a smaller weight, da,,/(2).

It can be seen in Figs. 24 and 25 that the B&H model is
still not directive enough and the Vanderkooy model is too
large around 90° and too high in the backward region. The
DED model is seen to reproduce the measurements well at
all angles and for both frequencies.

6 CONCLUSIONS

A new model that takes into account the diffraction effects
produced by cabinet edges on the SPL radiated by a loud-
speaker has been presented. The model is termed the distrib-
uted edge dipole (DED) model since it represents secondary
edge diffraction effects using a uniform distribution of di-
poles whose axes are perpendicular to the front baffle plane.

The DED model was compared to two previous mod-
eling techniques, and all three models were compared with
measurements. Measurements were performed first on a
thin circular baffle to emphasize edge diffraction effects
and allow for comparison between all three models versus
measurements from 50 to 1000 Hz and from O to 180°. A
second set of measurements was carried out on a rectan-
gular loudspeaker enclosure at two frequencies as a func-
tion of the angle.

For both test cases, good agreement was observed be-
tween measurements and DED model predictions, indicat-
ing that the DED model allows for improved, more accu-
rate modeling of loudspeaker SPL versus angle and
frequency. In particular, significant improvements are ob-
tained in the boundary region between the forward and
backward directions using the DED model.
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APPENDIX
MATHEMATICAL DERIVATION OF DED MODEL

We first recall the Helmholtz—Kirchhoff integral solu-
tion for the sound field produced by an enclosed piston
in a baffle. Second, the Kirchhoff approximation is made
and the resultant sound field is formulated as a dipolar
form of the edge diffraction which is the basis for the DED
model.
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Fig. 24. SPL as a function of angle at F'
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Fig. 25. SPL as a function of angle at F = 300 Hz for thick rectangular baffle.
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Defining p as the acoustic pressure, only periodic solu-
tions are considered and therefore the time dependence
factors out,

plr, ) = pr)e" . (35)

With reference to Fig. 1 we define a closed surface S
consisting of a piston, a thin circular baffle, and an enclo-
sure. From Green’s second identity,

fff(pAG—GAp)deff(p%—G%) ds  (36)
\Y% S

where V is the exterior volume defined by surface S and n
is the normal to the surface S, directed outward.

A point running on the surface S is denoted by the
vector r;, and the point of observation is denoted by the
Vector r,.

Defining G as the Green’s function,

e’jkr12

Glry,ry)= (37

4mry,
where
rp=Ir—r|
The pressure will obey the Helmholtz equation,
Ap+Kp=0 (38)
and the Green’s function will obey
AG + G = =3(r ). (39)

Transforming the Helmholtz equation using the integral
method [6],

fff[—pa(r)—kzpmksz]dv:ff(;a%}—Gg—i)ds
\ S
(40)

and

G
p(rz)z—fJ‘(pE—Ga—Z) ds. (41)
S

The normal derivative of the pressure and of the Green’s
function is

op ik z 42
on —kpcu (42)
oG _m \% ik ! 43
o n G =G cos(n, r,)| —jk — i (43)

where u is the velocity on the surface S.
We then have the pressure at point r,, external to S, as
an integral over the point r; running on the surface S,

12

] 1
p(ry) = [{P(’H)G cos(n, ry,) <Jk + r_>

+ ijpc[u(rl) . %] }drl. (44)
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In order to evaluate this integral the pressure and the nor-
mal velocity on the surface S are needed. The normal
velocity is zero everywhere on the surface S, except for the
surface of the piston. Thus we only require the value of the
pressure on S.

A.1 Kirchhoff Approximation to Obtain Pressure
on Surface S

When the observation point is on the surface S, there is
a discontinuity from the normal derivative of the Green’s
function and the integral gives only half the pressure. By
imposing r, and r, as restricted to S,

1
o "

aY)

n
+ jkpc u(r)) - b G} dr,. (45)

We will assume that the pressure is significant only on the
front baffle surface and therefore n is normal to r,,. This
is the Kirchhoff assumption, which has been shown to be
valid essentially in the forward direction [7]. The first term
in the integral is then equal to zero. As stated previously,
the normal component of the velocity is zero, except on
the source. Thus the only term in the integral is over the
source,

efjkrlz
plry) =2jkpeQ 3 (46)
where
0= [ uas. (46)

source

For our approximation the pressure on the front baffle
surface is thus given by the pressure produced by the point
source in an infinite baffle.

A.2 Estimation of Pressure Far away from
Sound Source

We now return to the expression for the pressure at a
distant observation point in the direction 6 not too far from
the forward direction. In this case the 1/r factor in front of
Jjk can be neglected (kr >> 1) and the Green’s function can
be considered independent of r, and equal to

e k2

G(r,,ry) =G(ry) = (47)

41y
Placing the sound source at the origin, r, is the distance
from the source to a point on the front surface and r, is the
distance from the origin to the point of observation.

Let us define

cos 0 =cos(n, ry,). (48)
Then
ek
p(ry) = f (jkch 2, jkG cos 6

front surface

+ jkpcuG)Z’rrr1 dr,. (49)
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The angle 6 can be considered as constant for a distant
observation point. Therefore,

p(ry) = jkpcQ cos 6 G(r) f e ik dr,

front surface
+ jkpcQ G(r,). (50)
The radius of the disk being L, the pressure can be written as
L
P ane(7 . P pane(7
p(ry) =—baf§ (r2) cos 6 fe_ﬂ"l ik dry + 20 f; ( 2). (51
0

With

e—jkrz

Poatne(12) = jkpcQ

then

2mr, (52)

cosb .,
Popatne(72) T e (53)

1+ cos6
P(r3) = Poape(72) ) =

We reformulate this expression,

dPedge
Pl =Poget [ (54)

edge
Inspection of Egs. (52) and (53) gives
1+cosH
Pdrive(rz’ 6) = POObafﬂe(rz) 2 (55)
and the edge effects as

dP.yee cos0 _
f g Y=Pupnr) ——e ™

edge

e 2 cos @
2mr, 2

= —jpckQ e, (56)
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We can rearrange terms,
WPeage ) 0 jpck < 2mL .
J Ta ST %2 >™ 2,
edge
e—jkrz
=—cos 0 deive<L, 5) 27, 2mL. (57)

The integration along the circle of radius L will be given
by Eq. (56) if dP_4,. is expressed as

edge
—jkra
P47, 8) =—cos 6 Pdrive<L, E) 2mr, dl. (58)
Finally we obtain
T e ke
P(ry) = Pyiy(ry, 0) — cos 6 Pdrive<Ls E) ;L 27, dl. (59)

In the final integral we changed r, into rp, which is the
distance from the edge element to the observation point,
defined by the vector r,. This is acceptable provided that
the observation point is far away and the angle of obser-
vation is close to 0°.

This formula defines the DED model, namely, a driving
pressure with a term (1 + cos 8)/2 [Eq. (55)] and an edge
term that is excited by the driving source and corresponds
to a dipole in phase opposition (—cos 0) in the illuminated
zone [Eq. (58)]. The driving pressure in the DED model
formulation allows us to avoid a source discontinuity at
the boundary between shadowed and illuminated regions.

Although our approximations are supposed to be correct in
the forward direction and at large distances only, we assume
that they are valid at all angles and verify that they are
correct in reproducing the experimental observations.
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