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ABSTRACT

This paper addresses the problem of the spatial distribution of sound pressure generated by an annular
membrane. A generalized theoretical approach will be developed in order to predetermine the sound field
radiation of a disc or ring shaped diaphragm, placed on a rigid infinite baffle. Because no assumption is
made regarding the observing point, this generalized method is able to predict the acoustic pressure not
only in the far field region but also in near field. Results demonstrate the superiority of the co-incident ring
distribution compared to the traditional discrete distribution of discs. A new transducer based on concentric
rings and disc especially designed to respect this coincident criterion will be introduced.

1. INTRODUCTION discrete geometrical distribution of transducers. A
common way to deal with this topic in the literature

Several examples of co-axial and co-incident sources consists in determining the frequency response off-

[1], [2], [3], have demonstrated the advantage of this  axis and/or the directivity pattern of the drivers in

configuration in terms of time alignment, phase shift  the far field region.

deviation and lobbing compared to the traditional
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Fig. 1: Position of the ring in a cartesian coordinate

However, these data do not provide enough descrip-
tion of the radiated field especially when the near
field is concerned and when multiples drivers are in-
volved.

We propose in this paper a theoretical survey based
on the interaction of the fields radiated by driver sys-
tems, comparing a discrete source distribution with
a co-incident one. For this purpose and in order to
get a better insight into the radiated field, a 2D map
description of the pressure field will be presented.

2. THEORETICAL APPROACH
2.1. Sound radiation model

Let consider that the disc or ring will be referenced
into space in a cartesian coordinate with the symbols
depicted in figure 1.

The ring of internal diameter 2a; and outside di-
ameter 2a, is actuated by a sinusoidal driving force
and located on an infinite baffle. Our target is to
determine the sound pressure level induced by the
sources at a given location. The ring is located on
the (Oz,Oz) plane and its center cross the z axis at
an altitude zp. The sound wave propagation is sub-
mitted to physical laws which are described by the
state equation, Euler equation and the mass preser-
vation equation. The combination of these different
equations leads to the sound wave equation. In the
case of a sine wave, this equation becomes [4]:

Radiating
ring Baffle

InfiniteRigid

Fig. 2: Domain of integration

Ap() + K*p(7) = div f(7) 1)
with k = % | the wave number, w = 27 f , the pulsa-
tion, f , the frequency and c the speed of sound in
the air. f is the force vector per unit volume. The
solution of equation (1) is given by the Helmholtz-
Huygens equation [4]:

where VI, S and G are respectively the volume area,
surface area and Green function which need to be de-
fined. The vector 7 is a vector normal to the surface
concerned and the Green function should satisfy the
following inhomogeneous Helmholtz equation :

- - -
i !

AG(T ) + E*G(F,r') = =6(F—1") (3)

where § is the Dirac function. r refers to the lo-
cation of point on the pertaining surface of volume
area. In the case of our survey, the integration do-
main will be chosen as depicted in figure 2.
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Fig. 3: Image method

Sp corresponds to the surface of a rigid circular baffle
inside the radiating ring of surface S, while S; is
the surface area of the infinite baffle and S, is the
surface area of the half-sphere of infinite radius. The
infinite volume limited by the surface S =8y+S+
S1 + Ss is named V'. The action of the radiating
ring is introduced as a limit condition, the sound
propagation can be considered as homogeneous and
the volume integral consequently disappears as no
sources is located inside the volume V.

To solve the problem, we will choose a Green func-
tion which its derivative normal to the surface equals
zero on the (Oz,0z) plane as shown in figure 3.

Using the preceding formulation, the Green function
chosen can be expressed as follow [6]:

a1 endRIFTl ikl
G(Fr') = — + (4)

A |p—y| AT p—

Equation (2) becomes:

_ / /S G )d%p(ﬁ’)ds’ (5)

The surface integral over Sy is null because of the
Sommerfeld condition [6]. Additionally, the baffle
being infinitely rigid, the normal velocity vy o 3—’; (r_;)
is null all along the baffle surface. Equation (5) leads
therefore to:

Cas

| Rad
Ral
Rap

mas
v R

Pg

Fig. 4: Lumped papramter acoustical analogy

e—JkIT— v
(7, ao, a;) = ]kpcv(r )dS =
s’

2|7 —r'|

27 G0 o—jk|F— r\ N
jkpc/ / ————=—v(r')ada (6)

|7 — 7]

In the case of a disc, a; = 0 and the integral be-
comes the already known Huygens-Rayleigh integral
p(7, ap, 0) of a disc of diameter 2a, located on a in-
finite baffle. Note that p(©,a.,a;) = p(¥,a,,0) —
p(,0,a;). The physical interpretation is trivial.

For our survey, even if the assumption is strong, we
will consider that the ring vibrates in a piston-like
motion meaning that the velocity will be uniform all
along its surface area. In practice, this assumption
is reasonable as long as the dimensions of the disc
are negligible in regards to the wavelength of the
bandwidth concerned. As a result, lumped parame-
ter equivalent circuit [7] will be used to evaluate the
velocity frequency response of the ring.

2.2. Equivalent lumped parameter circuit

In the domain concerned V', the ring will radiate on
a single face due to the infinite baffle. In order to
confront the theoretical simulations with experimen-
tal results, closed box sources without port tube will
be considered. Figure 4 shows the lumped parame-
ter circuit in the acoustic analogy with the following
glossary:

Dg: equivalent pressure source of the generator (am-
plifier)

U: volume velocity of the ring diaphragm

Zge: equivalent acoustic impedance of the voice coil
and generator electric impedance

AES 119t Convention, New York, NY, USA, 2005 October 7-10
Page 3 of 15



Debail AND Shaiek

Radiated sound field analysis

Mgs: acoustic mass of the ring diaphragm
Cs: acoustic compliance of the ring diaphragm
R,s: acoustic resistance of the ring diaphragm

Z.r: acoustic radiation impedance of the ring di-
aphragm in an infinite baffle (see appendix)

Cap: acoustic compliance of the enclosed volume V
of the enclosure

R,p: acoustic resistance of the enclosure losses due
to internal energy absorption

R,;: acoustic resistance of the enclosure losses due
to leakage losses.

with
eyBl

= ——— 7
pg S(Rg +Ze) ( )

and

B, 1
Zac = (?) m (8)
where

ey: output open voltage of the generator (amplifier)
BI: force factor of the drive unit
R, electrical resistance of the generator (amplifier)

Z,: electrical impedance of the voice coil with Z, =
RCC + ]wLC

R..: electrical resistance of the voice coil
L,: electrical inductance of the voice coil

The velocity of the diaphragm can be extracted
from the expression of the volume velocity U going
through the circuit:

g

-
S

V=== " S 1
S Zac + Ras + ]wmas + Zar + S I
Rai Rab+ﬁ

(9)

After development, we obtain:

— ljwcas[l + jw(Rab + Ral)cab]pg
S 1 +jwb1 + j(w)2b2 + j(w)3b3

(10)

with :

b; = Cas (Zae + Ras) + CasRal

b2 = Casmas + Cascab(RalRab + (Ral + Rab)(Zae +
Ras))

b3 = (Ral + Rab)CabCasmas

In the case of this survey, we will consider R, =
Qb\/Mas/Cap Wwith Qp = 7 (quality factor of the
enclosure), mlas = mgys + R(Zyr) where R(Z,,) is
the real part of Z,, and Ry, = 0.

3. SIMULATIONS AND EXPERIMENTAL RE-
SULTS

3.1. Position of the problem

As a full range driver with a good overall perfor-
mance is hard to achieve, most High-Fidelity loud-
speaker systems are of the multi-way type. There-
fore, two or more drive units must be used, each
designed for optimum performance over a limited
frequency range.

In most conventional loudspeaker systems, transduc-
ers have discrete distribution and are physically sep-
arated. Alternatively they are co-axially mounted.

The first co-axial loudspeaker system was developed
by Altec-Lansing and Tannoy in 1940 and has not
changed much since then with Olson and May mod-
els [1], [2], [3] and [5]. It was a two way loud-
speaker with a low frequency drive-unit mounted
behind a high frequency one. These solutions still
show diffractions problem and axial delays due to
front back drivers separation.

3.2. Co-axially versus discreetly distributed
transducers: description of theoretical models

In this paragraph, the problem of drivers physical
distribution in multi-way loudspeaker systems will
be addressed. The loudspeaker is made up with
three drivers, each designed for optimum perfor-
mance over its specific frequency band. For clarity
reasons, the following terminology will be used :

e Low — mid : transducer dedicated to low
medium frequencies reproduction f < 820H z.

o Upper — mid : transducer dedicated to high
medium frequencies reproduction 820Hz < f <
4100H z.
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o Tweeter : transducer dedicated to high fre-
quencies reproduction f > 4100H z.

f1 = 820Hz and fo = 4100H z are commonly called
crossover frequencies.

We will consider here two three-way loudspeaker sys-
tems : system 1 and system 2, placed on an infinite
rigid baffle.

3.2.1. System 1 : Loudspeaker system with co-
axially distributed transducers

System 1 consists in a 3 way system with driver
co-axially mounted. The Tweeter is a disc of di-
ameter d, = 28mm surrounded by the Upper-
mid concentric radiating ring with an outside di-
ameter of d2,, = 106mm and inside diameter of
di, = 43mm. The previous drivers constitute the
B(C'13 unit mounted inside the Low-mid ring with
an outside diameter of dj,, = 204mm and an inside
diameter of di,, = 124mm.

For this model, we suppose flat and co-planar mem-
branes. Also, the space between the inter-drivers
spacing is due to practical constraints in the design
of this loudspeaker system and is part of the infinite
baffle.

3.2.2. System 2 : Loudspeaker system with dis-
creetly distributed transducers

It is an acoustically equivalent loudspeaker to sys-
tem 1 with three flat and co-planar radiating discs
discreetly distributed. The Tweeter unit is the same
as the one used for system 1. The Upper-mid driver
is here a disc of equivalent diameter d¢%, calculated
to give the same radiating surface of the Upper-mid
used in system 1. df%, is given by equation (11):

dift, = V(do)? = (diy)? = 96mm (1)

The same approach is used to obtain the equivalent

Low-mid diameter dj;! given by equation (12):

dpy, = \/(d],,)* = (d],,)> = 162mm (12)
In order to reduce interference problems between
transducers, the inter-drivers spacing has been min-
imized considering the practical dimensions of the
frames of the drive units. This constraint lead to a

System1 System?2

o
dum

i 0

dg

InfiniteBaffle

Fig. 5: Co-incident and discrete geometrical distri-
bution description

spacing d; = 212mm = A1 /2 between the Low-mid
and the Upper-mid units. However the Upper-mid-
Tweeter spacing is da = 125mm = 3X2/2. Ay and
Ao are the wave length relative to fi and fo.

The above description can now be summarized in
figure 5 where the two loudspeakers are placed in
the (Ox, Oz) infinite rigid baffle and radiated in 27
steradian solid angle.

In practice, the baffle can not be infinite. Our mea-
surements were made using a finite rectangular baffle
given in figure 6. The measurements have been pro-
ceeded in free field conditions with the microphone
placed at a distance of 1.5m from the source.

3.3. Crossover network

In multi-way loudspeaker systems, we must avoid
band overlap and prevent each driver from being fed
frequencies outside its calibrated operating region.
Thus, a suitable filter bank is employed to divide
the input signal into several bands. This network is
known as loudspeaker crossover.

Crossover filters are traditionally implemented with
analog electronics. They may take the form of a
passive network interposed between the power am-
plifier and the drivers. Alternatively, they can be
placed before the power amplifier in an active ap-
proach. Ideally crossover filters should have band
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Fig. 6: Size of the baffle used in the experimental
set-up

pass frequency domain characteristics, high cut-off
rates and an overall response with flat amplitude
and linear phase. Using digital filters, we can sat-
isfy all the above properties in one filter bank struc-
ture [8], [9].

Digital crossover is a new approach that has emerged
within the last few years [8], [10], [11], [12], [13].
This is in fact an active crossover, but with the filter
segments implemented digitally using generally FIR
linear phase filters. This filter structure is always
stable, which is a suitable criterion for real time im-
plementation. We have decided to use this crossover
type in our experiment in order to both limit the in-
terference issue to minimal (thanks to the high cut-
off rate) and guarantee that the crossover will not
add any phase shift around the cut-off frequency f;
and f other than a pure time delay.

Around each crossover frequencies f; and fa2, a pair
of low pass/high pass linear phase filters sends to
each drive unit a portion of the input signal that
can be reproduced with the least distortion. The
low-pass crossover filter can be obtained by using
one of the established digital filter design techniques
(windowing, frequency sampling or optimal design
algorithms). After a comparative study of different
techniques [8], we decided to use the Kaiser Window
method since it allows a trade off between the width
of the transition region and the peak ripple ampli-
tude to be achieved. The filter order was adjusted
to achieve cut-off rates of 24dB per octave around
these frequencies. Additional high-pass respectively
low-pass filters at 100H z respectively 20k H z was in-
cluded to cut-off extremely low and high frequencies
at 12dB per octave. The resulting crossover filters
have different lengths and the overall filter bank re-
sponse shows amplitude anomalies around crossover
frequencies. We can easily overcome this problem
by introducing extra delays through the path of the
filters in advance.

The phase delay between two linear phase filters of
N; and Nj taps (with Ny > N») is given by :
_Ni— N,

2fs

where f; is the sampling frequency.

T

(13)

This procedure garentees equal group delays over the
three frequency band of interest. As we can see from
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The crossover filter bank will now be applied to the
on-axis responses of system 1 and 2. Figure 8 shows
the on-axis digitally filtered frequency responses for 9

100

o

both system 1 and system 2. BOf I L

Note: in our experiment, the decrease of level in the 20 """"""

5kH z—20kH z frequency band is due to the low-pass ?o foiiiiol
filter implemented which acts as an anti-aliasing fil- £, V- :[— Lowmedum

ter based on a 48k H z sampling frequency with 12dB S| anmedum
roll-off. In practice, this amplitude decrease could 0 _Complet system J.-

be easily overcome with a high roll-off anti-aliasing
filter based on a 96k H z sampling frequency. 20

3
3.4. Polar diagram 10 Frequhey (Ha)
Since the contributions of the different drivers at a
specific frequency is now defined, we proposed to
look at the directional characteristics in one hand,
of the separate drivers and in a second hand, of the
complete system in the overlap region. Figure 9 and
10 depict respectively the simulated and measured
polar diagram in the (Oy,Oz) plane of the Low-
mid and Upper-mid drivers at the first theoretical
crossover frequency that is to say 820Hz. Even if
the simulations is not able to describe exactly the
directional characteristics of the drivers, the predic-
tions is fairly reasonable considering the theoretical
assumptions, especially in the £60° solid angle. The

Fig. 8: Digitaly filtered loudspeaker systems : (a)-
System 1 (b)-System 2
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270

Fig. 9: Simulated and measured polar diagram of
the Low-mid driver at 820H z

deviation outside this range can manifestly be at-
tributed to the border effects of the baffle when the
microphone stay close to its edge. Additionally, the
visible ripples within the +60° solid angle may be
explained by diffraction effects due to the limited
size of the experimental baffle [14].

The same conclusions can be observed on the polar
diagram of the complete system on figure 11. Note
that polar diagram in this case of a co-incident an-
nular rings distribution is homogenous without acci-
dent in the radiation pattern while this is no longer
valid for a discrete geometrical distribution configu-
ration. Indeed, figure 12 shows serious lobbing in the
330° direction due to the combination of delay com-
ing from separation of drivers and phase difference
between drivers. It should be noted that this lobbing
is serious even with the use of phase shifts-free dig-
ital crossover. This observation also demonstrates
that the drivers cannot be considered as in-phase
sources. Some crossover techniques add extra delays
in order to redirect the main lobes on axis [8], [16].
The D’Appolito geometrical configuration [17] could
also be used to reach this target. However, those
corrections and their combinaison could not com-
pletely solve dips due to the interference problems
since these defects are inherent to the driver geo-
metrical distribution.

Even if direct comparison between simulated and

Fig. 10: Simulated and measured polar diagram of
the Upper-mid driver at 820H z

Fig. 11: Simulated and measured polar diagram of
the complete co-incident system at 820H z
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90 25

Fig. 12: Simulated polar diagram of the discrete ge-
ometrical system at 820H z

measured results are not possible (since exact sys-
tem 2 is not available), similar phenomena are visible
on the real discrete geometrical configuration mea-
sured which is using two Low-mid and one Upper-
mid driver (see figure 13).

On the opposite, this phase shifts between drivers
has no incidence of the direction of maximum energy
which is still on axis in the case of the co-incident
ring distribution.

Figure 14 and 15 shows the directivity of the Upper-
mid and Tweeter in the second crossover frequency
at 4100Hz. Comparisons between simulations and
measurements are pretty consistent even for the
Upper-mid driver. Deviation for the tweeter outside
the 60° solid angle is also due to the edge of the ex-
perimental limited baffle. Within the 60° solid angle,
the ripple in this measurement results from diffrac-
tion effects and the existence of a short waveguide
not taken into account in our model.

At the second crossover frequency, the polar pattern
of the system depicted in figure 16 remains smooth
and homogenous. Despite of still imperfect predic-
tions, the simulation provides interesting trends of
the radiation characteristics of the source.

Applying the same method for the equivalent dis-
crete geometrical distribution leads to the polar re-
sponse of figure 17. One more time, serious lobbing

270

Fig. 13: Measured polar diagram of the typical dis-
crete geometrical system at 800H z

. .| = Measured system :
- |+ Simulated system .

270

Fig. 14: Simulated and measured polar diagram of
the Upper-mid driver at 4100H z
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Fig. 15: : Simulated and measured polar diagram of
the tweeter at 4100H 2z

Fig. 16: Simulated and measured polar diagram of
the complete co-incident system at 4100H z

270

Fig. 17: Simulated polar diagram of the discrete ge-
ometrical system at 4100H z

and direction of nulls are illustrated revealing signif-
icant interference problems.

Comparison with a measured discrete geometrical
configuration (but unfortunately not exactly equiva-
lent to system 2) at the upper-mid /tweeter crossover
frequency exhibits similar weakness (see figure 18).

Finally, figure 19 shows the phase response over 27
angle of co-incident and discrete distributed config-
uration at 820H z and 4100Hz. The phase of the
co-incident source is very stable at both frequen-
cies when a listener is moving in the (Oy, Oz) plane
and keep the same distance to the source. On the
opposite, the phase is changing rapidly around the
on-axis direction in the discrete geometrical distri-
bution. Even if, at that frequencies, the phase shift
fluctuation remains negligible compared to a phase
shift due to time delay, these phase responses are
useful in understanding the magnitude polar plots
difference. These curves also reveals that the wave-
front is very close to a spherical wave in the case of
the co-incident configuration. On the contrary, the
wavefront of the distributed source is largely dis-
torted.

3.5. 2D plot map description

Polar plots are some useful tools to describe the di-
rectivity characteristics of a source. However, they
are inappropriate to enhance all the details of a radi-

AES 119t Convention, New York, NY, USA, 2005 October 7-10
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270

Fig. 18: Measured polar diagram of the typical dis-
crete geometrical system at 3500H 2z
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Fig. 19: Phase response simulated over 27 solid an-
gle of co-incident and discrete distributed configura-
tion at 820Hz and 4100H 2

ation field especially in the near field region. There-
fore, we suggest in the following schemes to display
some 2D map description of the radiating field in
the (Oy,Oz) plane. Applying this methodology to
the co-incident and discrete geometrical distribution
leads to figures 20, 21, 22 and 23 at the two crossover
frequencies. The difference between the two config-
urations of sources on the radiated field is clearly
visible. In the case of the co-incident configuration,
at fi = 820H z, the source is radiating a nearly per-
fect spherical wave of an ideal monopole with an
1/r magnitude decrease. At f = 4100H z, the co-
incident source starts to slightly steer on axis but the
radiation pattern remains extremely homogeneous
even in near field. On the opposite, the discrete dis-
tribution configuration shows non-symmetrical ra-
diation field with bright and shadow zones. At
f2 = 4100H z, the interferences rays are clearly seen
with serious magnitude changes even on limited por-
tion of space. The imperfections are even more se-
vere in the near field region (between 0.5 to 1m)
where a motion of typically 15c¢m of the listener’s
ears will induce 25dB magnitude drop at that fre-
quency.

4. CONCLUSION

A formulation model of the sound field radiated by
annular membranes has been proposed. The pre-
dictions are in fairly good agreement with measure-
ments despite of strong assumptions (especially pis-
tonic motions). This model provides better under-
standing of the way the sound wave is propagat-
ing into space. Applying this technique to inves-
tigate the radiation of a multi-way system reveals
and corroborates the benefits of co-incident drivers
compared to a conventional discrete geometrical dis-
tribution. The mentioned characteristics of this de-
sign make this source especially suitable for near
field monitoring application. Informal listening tests
proceeded with audio professionals confirm the co-
herency and stability of the soundstage, from far
field to near field conditions.

5. FURTHER WORKS

A better model will consist in measuring the velocity
along the profile of the diaphragm and alternatively,
evaluate it with a Finite Element Method (FEM)
software. Future works will also focus on describing
the radiation of the co-incident configuration in a 4w

AES 119t Convention, New York, NY, USA, 2005 October 7-10
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Fig. 20: Simulated 2D plot of the radiated field of
co-incident and discrete geometrical distribution on
the (Oy, Oz) plane at 820H 2

Co-incident distribution
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Fig. 21: Simulated 2D plot of the radiated field of
co-incident and discrete geometrical distribution on
the (Oy, Oz) plane at 4100H z
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Co-incident distribution
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Fig. 22: Simulated 3D plot of the radiated field of
co-incident and discrete geometrical distribution at
820H 2
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Fig. 23: Simulated 3D plot of the radiated field of
co-incident and discrete geometrical distribution at
4100H =z
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solid angle without baffle.
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8. APPENDIX

The acoustic radiation impedance can be evaluated
by considering the force acting on the ring due to
the pressure contribution on elementary surface dS”
of the ring. Considering equation (6), the force can

be written as:
Fz//pﬁﬁ"
P

that is to say :
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ik R
F:”pc“/ dqb/ ' da do
0 a; 0

2w
ao e—jle—r'\ .
——= a da
ai |7 —1|

i

However, in order to simplify the model, we will con-
sidered the general approximation given in [15] with:

1 . 8ka
Zor = Spc[§(kaeq)2 + jwo—1]
7r
where a., is the radius of an equivalent disc having
the same surface area than the ring of internal radius
a; and outside radius a,.
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