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Hybrid active/passive absorbers have proven to be efficient over a large frequency range. The next step
consists in building up a system which can exhibit good absorption and insulation properties. To simulate
such hybrid cell, active and passive behaviors of an electroacoustic loudspeaker have been modelized by
using a one-dimensional approach. The rear acoustic load at the back of the membrane has been taken
into account to obtain a reliable model. The proposed model has been validated with measurements per-
formed in a 7 cm diameter tube. Then, a hybrid cell composed of a porous plate and a small thickness
loudspeaker has been designed and numerically tested. It is shown that, when driving the loudspeaker
for total absorption, the transmission losses are suppressed at lower frequencies. To overcome this prob-
lem, a dual actuator cell is designed to deal with both absorption and transmission. Simulations shows
that this solution can lead to good results. It is also shown that interaction of the loudspeakers can be
significantly reduced by using directive sources, thus lowering supplying voltages and condition number
of the matrix inversion required by the control process.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction interface between a structure and the fluid; it is improved by a
Many situations involve multiple volumes including sound
sources; this is the case of buildings, transportations, hoods, etc.
The boundaries of each volume plays a double role: it increases
the radiated pressure on the source side, and it transmits part of
the acoustic energy on the other side. The design of acoustically
efficient walls is therefore a trade-off between both aspects, of
course limited by practical constraints such as the resulting cost,
thickness and weight.

Usually, walls are optimized for low acoustic transmission, as this
is the major challenge in many applications. Passive approaches
have been improved over the years, starting from the basic ‘‘law of
mass’’ concept to reach multiple-layer designs [1–4]. A very typical
example is the partition walls for buildings, involving two sheets of
gypsum separated by a fluid layer, with a wide range of possible con-
figurations [5–7]. The basic objective of such designs is to reduce the
vibration of the receiver side of the wall, ideally leading to a perfectly
motionless boundary.

Other applications consider absorption as their major concern;
this is the case of the lining of nacelles in aircraft engine, or the lin-
ing of some test equipments like anechoic rooms. Acoustic absorp-
tion usually results from viscous and thermal phenomena at the
All rights reserved.

).
suitable design of this interface. It may be tuned for a narrow fre-
quency band (like in resonators [8,9]) or for broadband (like in por-
ous or fibrous materials [10,11]). In any case, a major requirement
is that the direct field of the source is not reflected at the interface,
which must therefore ensure a fluid motion compatible with the
incident pressure. A hidden requirement is also that the absorber
structure (frame) must not vibrate, usually requiring to be installed
on a stiff wall – although absorbing materials may be used to some
extent with a limp frame configuration [12,13].

There are also applications requiring good performances both
for absorption and transmission. Examples are compact machine
hoods (for which the inside pressure must not increase too much
as this would degrade the overall performance), and room acous-
tics where wall reflections must be controlled (e.g. to preserve
speech intelligibility or the quality of musical events) while neigh-
boring rooms require low background noise. A typical application
could be a multiplex cinema, or a live music facility within an ur-
ban area. For such situations, the design must achieve both a low
reflection coefficient on the source side (thus allowing suitable
fluid motion) and a negligible motion of the wall on the receiver
side. At first glance, it may seem that adding an absorbent layer
to an existing wall would contribute to reduce the incident acous-
tic pressure on it, so leading to a reduction in transmission. This
can be true only at higher frequencies, for which the inertia of
the absorbing material frame is significant. At medium and lower
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frequencies the viscous constraints are transmitted by the frame to
the supporting wall. Moreover, acoustic absorption decreases with
frequency, even for a very thick lining, and passive solutions thus
reach their limits both for absorption and transmission.

Active control of sound has its maximum efficiency at low fre-
quencies [14], so it has been used for direct active absorption
and transmission control, especially for room acoustics for which
it provides a mean to tune the acoustic behavior of the wall, and
so to adjust it for different needs [15–18]. Many researchers have
also proposed hybrid solutions where high frequencies are con-
trolled by passive means while active components are used to re-
duce noise at low frequencies. Passive and active effects are then
combined into a single hybrid cell. For instance, pressure release
[19–21] or impedance matching methods [22–24] yielded to large
absorption coefficients at low frequencies. Other authors [25–27]
chose to embed the active component into the passive media to
create smart foams. Active control has been widely used to reduce
sound transmission, by controlling the vibration of a single panel
[28,29], or through a smart foam [30]. A single actuator has been
used for acting on a double panel [31,32]. Some authors also used
two piezoelectric actuators bounded on the two sides of a double
panel or two loudspeakers to improve the transmission loss of such
walls [33–35].

Recently, Sitel et al. proposed to control simultaneously the
absorption and the transmission of a hybrid cell involving a single
actuator and several plates or layers of absorbing material [36]. The
present paper extends this work by using two separate actuators
for such a simultaneous control, and investigates the potential of
the principle of this double-channel hybrid cell. This is based on
a 1D model using the scattering matrix formalism. The system in-
volves the single-DOF model of a dynamic loudspeaker which rep-
resents an active panel of finite stiffness (active structure). Its
model is given by Section 2, and experimentally assessed in Section
3. Single and dual actuator cells are then simulated and compared
in Section 4. Finally, in Section 5, results are discussed and evalu-
ated with suggestions made for further research.
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Fig. 1. Notation used for the active structure modelling.
2. Component models

The purpose of this work is not to provide an accurate model,
but to compare the dual-channel principle to previous ones. This
section thus proposes a model as simple as possible, based on a cir-
cular cell which diameter is much smaller than the wavelength (LF
approximation), fitted in an impedance tube which ensures normal
incidence on the cell surface.

The dual-channel principle is investigated by considering a
composite cell featuring two active structures and an absorbing
plate, separated by air layers. The model of such a simple configu-
ration may be obtained by the cascade of a few components, using
the scattering matrix formalism which provides straightforwardly
the reflection and transmission coefficients. Three components
types are involved: air layer, porous layer, and finite stiffness active
structures.

Following the above assumptions, a 1D behavior is assumed
throughout this paper. Therefore each component of the module
may each be described by a 2 � 2 scattering matrix Sn

x as follows:

p�x
pþxþl

( )
¼

Sn
11 Sn

12

Sn
21 Sn

22

" #
pþx
p�xþl

( )
; ð1Þ

Note that +/� denotes propagation in the positive/negative x direc-
tion. The two indices x and x + l here stand for two consecutive loca-
tions along the axis, while the n exponent expresses the nature of
the considered component (air or porous layer, structure, etc.).
Matrix entries Sn

11 and Sn
22 represent the anechoic reflection
coefficients on each side of the component while Sn
12 and Sn

21 are
the anechoic transmission coefficients.

As in a previous work [37], a simplified model is used to de-
scribe the behavior of a plate of finite stiffness, here considered
as a single-degree-of-freedom structure as the frequency band of
interest is usually close to the first flexural mode of the plate. Fol-
lowing the 1D approximation, this flexural mode is equivalent to a
suspended piston of reduced equivalent area embedded into a rigid
plate. The actuator technology is not the focus of the present work,
so only its action on the equivalent normal displacement of the
structure is considered here. The resulting component is then a
two-port system as shown in Fig. 1, and its behavior can be ex-
pressed as follows:

p�a
pþb

� �
¼

Ss
11 Ss

12

Ss
21 Ss

22

" #
pþa
p�b

� �
þ

p�s
pþs

� �
; ð2Þ

where pþa and p�b are the incident pressure fields while p�a and pþb are
the pressure fields reflected by the structure. Whereas the scatter-
ing matrix Ss depicts its passive behavior, p�s and pþs are the active
pressures radiated under the influence of the embedded actuator.

2.1. Passive components

Within the simplified model considered in this paper, two com-
ponents are passive ones: an air layer, and a layer of absorbing
material. They are both described by symmetric scattering matri-
ces thereafter.

With a ejxt dependence, the scattering matrix Sa
x of an air layer

is given by

p�x
pþxþla

( )
¼ 0 e�jkla

e�jkla 0

" #
pþx

p�xþla

( )
: ð3Þ

where la is the thickness of the air layer. This matrix simply ex-
presses the propagation delay of each of the travelling waves in-
volved into the scattering matrix formulation.

The absorbing layer is here described as a plate made of porous
media. To simplify the model, we choose to consider a porous med-
ia with rigid frame [10], leading to the following scattering matrix
coefficients:

Sp
11 ¼ Sp

22 ¼
j sin kmlp

zm

/
� /

zm

� �

2 cos kmlpþj sin kmlp
zm

/
þ /

zm

� � ;
Sp

12 ¼ Sp
21 ¼ 2

2 cos kmlpþj sin kmlp
zm

/
þ /

zm

� � ;
ð4Þ

where km and zm are respectively the wave number and the reduced
characteristic impedance of the porous media, while / is its poros-
ity and lp its thickness. Parameters of the porous plate required by
the Johnson–Allard Model [10] are: the flow resistivity r, the poros-
ity U, the tortuosity a1 and the viscous and thermal characteristic
lengths K and K0. Their values are given in Table 1. Note that such a
simple model can barely be accurate, as it assumes that the material



Table 1
Parameters of the porous plate.

r U a1 K K0

20660 N m�4 s 0.99 1.01 45 lm 138 lm
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frame is perfectly motionless, although there is a significant pres-
sure difference between its two faces. This does however not pre-
vent the analysis of the dual-channel control.

2.2. Active structure

As stated above, the active structure is reduced to a suspended
piston (around its first resonance) with an equivalent axial actua-
tor. The details of the actual geometry are not significant within
the 1D and LF assumptions of this paper. The simplest experimen-
tal realization of such a simplified active structure is a rigid plate
supporting an electrodynamic loudspeaker. We consider here a
small compact loudspeaker featuring an inverted dome diaphragm
and an external voice-coil. Its acoustic geometry is schematically
shown in Fig. 2. Although the model presented here is based on this
specific geometry, it can be applied to other loudspeakers with dif-
fering motor geometry, and the same approach could be used for
other kind of actuators.

With the above assumptions, a lumped-element model de-
scribes adequately the finite stiffness of the structure and may be
identified through acoustic measurements. This approach has been
used to determine the classical Thiele/Small parameters commonly
used for LF loudspeakers [38]. We therefore based our model on
these parameters, with two extensions [39,40] which were found
useful in a previous work [41]. This lumped-element model may
however not be sufficient for our need as can be seen in Fig. 2,
showing that the actual motor geometry modifies the effective
area of the acoustic waveguide behind the loudspeaker. This may
be even worse with more conventional drivers. Moreover, the ac-
tual diaphragm is not plane, and the resulting acoustic component
cannot be considered a priori as a symmetric device. As in refer-
ence [37] this is taken into account in the scattering matrix by
combining a rear acoustic load with the lumped-elements loud-
speaker model. The model for the active structure is therefore built
in two steps: a lumped-element model for the diaphragm and the
motor, and then the rear acoustic load.

The behavior of the loudspeaker alone is expressed in terms of a
scattering matrix Sd

x and an active pressure vector pU (cf. Eq. (2)),
considered between the two faces of the diaphragm (xi close to
xb). The elements of Sd

x and pU are expressed from the force balance
equation applied to the loudspeaker moving mass and the electri-
cal voltage U applied across the voice-coil, which lead to the fol-
lowing system of coupled equations:

Bli ¼ Zmvd þ Sd pþb þ p�b
� �

� Sd pþa þ p�a
� �

U ¼ Zeiþ Blvd

(
; ð5Þ
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Fig. 2. Simplified geometry used for the loudspeaker modelling.
where Bl is the force factor, Ze and Zm are respectively the electrical
and mechanical impedance of the moving assembly, i is the voice
coil current, vd is the moving mass velocity and Sd is the diaphragm
radiating surface.

With Zc denoting the characteristic impedance of air, the vol-
ume velocity conservation is given by

Sdvd ¼ S
pþb � p�b

Zc
¼ Sd

pþi � p�i
Zc

: ð6Þ

Determination of the diaphragm scattering matrix is achieved by
performing the following steps:

� Voice coil current i is obtained from the second equation of sys-
tem (5): i = (U � Blvd)/Ze.
� The second step consists in replacing i in the first equation of

system (5).
� Expressing vd in terms of p�i and replacing it in the first equation

of system (5) yields the determination of D11, D12 and P�U . The
last three entries (D21, D22 and PþU ) are obtained by expressing
vd in terms of p�b .
� Finally, the scattering matrix Sd

x and the active pressure pU are
respectively given by

Sd
x ¼

n� 1þ Sd=S
nþ 1þ Sd=S

2
nþ 1þ Sd=S

2
ðnþ 1ÞS=Sd þ 1

ðnþ 1ÞS=Sd � 1
ðnþ 1ÞS=Sd þ 1

2
664

3
775; ð7Þ

and

pU ¼
p�U
pþU

� �
¼ BlU
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�1
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1
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0
BB@

1
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where n, the reduced specific acoustic impedance of the diaphragm,
is given by

n ¼ 1
ZcSd

Zm þ
B2l2

Ze

 !
: ð9Þ

The lumped-elements model is then extended by a model of the
acoustic circuit at the back of the membrane. As a rough approxi-
mation, the circuit between xa and xi can be described by two tubes
of lengths l1 and l2 with respective surfaces Sb and Sd (see Fig. 2 and
Table 2), leading to the scattering matrix

p�a
pþi

� �
¼

Sb
11 Sb

12

Sb
21 Sb

22

" #
pþa
p�i

� �
: ð10Þ

where the expression for Sb
ij are given in Appendix A.

The global scattering matrix describing the active structure be-
tween xa and xb is then obtained from Eqs. (7), (8) and (10):

Ss ¼
Sb

11 þ ASb
12 BSb

12

Sd
21ðS

b
21 þ ASb

22Þ Sd
22 þ BSd

21Sb
22

" #
; ð11Þ

with
Table 2
Parameters of the loudspeaker’s back acoustical circuit.

l1 l2 Sb

1.4 cm 1.2 cm 5.73 cm2



100 200 300 400 500 600 700 800 900 1000

0.6

0.8

1

Frequency (Hz)

|S
11

| a
nd

 |S
22

|

100 200 300 400 500 600 700 800 900 1000
−0.5

0

0.5

Frequency (Hz)

S 11
 a

nd
 S

22
 p

ha
se

s

Fig. 4. Scattering matrix entries of the loudspeaker in short circuit. Upper graph:
amplitude, lower graph: phase. Theoretical Ss

11 (dashed black) and Ss
22 (dashed gray),

measured Ss
11 (black) and Ss

22 (gray).

M. Melon et al. / Applied Acoustics 73 (2012) 234–242 237
A ¼ Sd
11Sb

12

1� Sd
11Sb

22

B ¼ Sd
12Sb
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1� Sd
11Sb

22

ð12Þ

The active pressure ps is also modified by the rear acoustic load:

p�s
pþs

� �
¼

Sb
12

1� Sd
11Sb

22

p�U

pþU þ
Sb

22Sd
21

1� Sd
11Sb
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p�U

0
BBBB@

1
CCCCA: ð13Þ

Eq. (13) shows that pþs is the sum of the pressure pþU radiated by the
front side of the diaphragm and of a term which corresponds to the
pressure radiated at the back, partially reflected by the rear load,
and then transmitted through the membrane. Similarly p�s is the
pressure radiated by the back of the membrane and transmitted
through the rear load.
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3. Active structure identification

As the active structure is the main component of the control cell
and is described by a somewhat rough model, it cannot be used for
simulation without first checking that its accuracy is adequate for
the purpose of the paper. An experimental determination of the ac-
tual scattering matrix has thus been performed and is compared to
the one computed from the proposed model.
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3.1. Measurement set-up

The measurement method is derived from the work of Åbom
et al. [42–44]. One advantage of this method is that it does not re-
quire an anechoic termination. The measurement set-up is shown
in Fig. 3. As the two microphone method is known to give poor re-
sults when the microphone separation is close to half wavelength
[45], four microphones are distributed on each side of the tested
source. Eight transfer functions (microphone signal relative to elec-
trical signal) are therefore recorded for each measurement. These
measurements are carried out under three driving conditions, each
involving a single active sound source while the two others are
switched off. Measurements performed when driving one of the
two external loudspeakers allow the determination of Ss, while ps

is obtained from data obtained when driving the active structure,
combined with the previously measured Ss. More details on the
method are given in Ref. [43].

The tube used for the measurements has a circular cross section
with a 70 mm diameter. This method has been applied to the mea-
surement of a 200 Aura NSW2 loudspeaker (effective radiating diam-
eter around 40 mm, as this device is relatively thin (see Table 2). The
spacings between adjacent microphones are 5 cm, 15 cm and 25 cm.
A band-limited white noise has been used for all measurement
configurations.
M8 M7 M6 M5

Fig. 3. Measurem
3.2. Measurement results

Figs. 4 and 5 show a comparison of measured and computed Ss

entries for the Aura loudspeaker with short-circuited voice-coil.
The loudspeaker’s parameters have been obtained classically from
its electrical impedance measured under several conditions (loud-
speaker alone, with an additional mass or mounted in a closed
box). These parameters are given in Table 3.

Although the loudspeaker parameters have been obtained by an
independent mean, the agreement between theoretical and mea-
sured values is fairly good. The mechanical resonance of the
M1 M2 M3 M4

Tested Source

ent set-up.



Table 3
Loudspeaker’s parameters.

fs = 173.6 Hz Cms = 6.9 � 10�4

m/N
Mms = 1.22 g Beta = 0.057 [39]

Qms = 4.78 Re = 6.15 X K = 1.17 � 10�3 [40] n = 0.812 � 10�3 [40]

Qes = 0.89 Sd = 6.9 � 10�4 m2 Vas = 1.535 � 10�4 m3 Bl = 3.03 T m
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simulated active structure is around 180 Hz, a value compatible
with a flexible plate of same dimension [36], but is much more
damped as a result of the Laplace forces (electromagnetic damp-
ing). The difference in phase shifts for Ss

11 and Ss
22 reflects the non

symmetric position of the diaphragm within the active structure,
leading to a difference in propagation delays on both sides of the
diaphragm. This is quite well predicted by the model including a
rear acoustic load.

Results about the active pressure fields radiated by the Aura
loudspeaker are shown in Fig. 6. The agreement between measured
and predicted quantities is satisfactory although small discrepan-
cies occur around driver resonance and at higher frequencies. Nev-
ertheless, the model seems to provide a reasonable accuracy for the
purpose of this paper. Note that above 300 Hz, the measurement of
the pressure radiated at the back of the loudspeaker is slightly
higher than the pressure radiated by the front of the membrane.
This non symmetric behavior is common to many speaker geome-
tries, and can be explained for this one by the rear acoustical load,
which produces an Helmholtz resonance around 1850 Hz, thus
increasing p�s relatively to pþs . This is not accurately predicted by
our model, and will therefore be taken into account by an adjust-
able parameter j ¼ p�s =pþs (for a perfectly symmetrical loud-
speaker, j = �1).

4. Simulations of hybrid cells

The components previously presented are used to simulate ac-
tive control of absorption and transmission. The primary source is
supposed to generate an incident wave coming from the positive
side of the x axis, and an anechoic boundary condition is assumed
in the negative direction ðpþa ¼ 0Þ. Denoting respectively ‘‘a’’ and
‘‘m’’ the starting and ending coordinates of the cell, the absorption
coefficient is therefore defined as:

a ¼ 1� jpþm=p�mj
2

and the transmission coefficient as:

T ¼ jp�a =p�mj
2

100 200 300 400 500 600 700 800 900 1000
0

10

20

30

40

Frequency (Hz)

A
m

pl
itu

de
 (P

a)

100 200 300 400 500 600 700 800 900 1000
−4

−2

0

2

4

Frequency (Hz)

ph
as

e 
(r

ad
)
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Ideal control of the cell acoustic transmission may then be achieved
by driving it so that the transmitted pressure is zero, as could be
monitored by a microphone located at a position x 6 xa. Ideal con-
trol of the cell absorption would require a cardioid microphone lo-
cated at a position x P xm, but this is not a cheap sensor when
dealing with lower frequencies. We therefore used the principle
of pressure release control at the back of an absorbing layer [19–
21].

Simulations are performed within a common frame for one
and two active structures, and with and without active control.
The active pressures radiated by the active structures are as-
sumed not to be modified by other pressure fields, so that sim-
ulations may be computed as a superposition of passive and
active situations. This may not be fully realistic, but allows to as-
sess the interest of each active configuration, and to compare the
simulated performances.

4.1. Single actuator system

The first configuration was already presented in a previous
work [37], but with a different criterion for absorption control. It
features an active structure separated from a relatively thin fibrous
passive absorbent by a 2 cm air gap (see Fig. 7). This configuration
is very typical of an hybrid (active/passive) absorbing cell.

The passive behavior of this cell is considered first. Fig. 8 plots
the passive absorption and transmission coefficients, when the
loudspeaker is short-circuited. Results show moderate absorption
(<0.5) and insulation (’10 dB) at low frequencies. In the consid-
ered frequency range, the 200 Aura electrodynamic loudspeaker
alone can be considered as a very simple mass/spring/damper
mechanical system. Its transmission coefficient therefore exhibits
a peak around its resonance frequency and decreases at lower fre-
quencies (because of its stiffness) and at higher frequencies (be-
cause of its mass). An actual plate has a low damping, and thus
exhibits a much narrower peak [36]. In our configuration, the loud-
speaker features significant mechanical and electrodynamic damp-
ing, so its average passive transmission coefficient is low.
Conversely, the loudspeaker is not well coupled to the air, so the
major source of absorption in the hybrid system is the porous
material, which performances are significant only at higher fre-
quencies for the relatively thin layer considered here. The loud-
speaker resonance is indeed providing some passive absorption
at lower frequencies. This could be further improved by connecting
a suitable shunt resistor [18], a quite simple and attractive solu-
tion. However this is restricted to a narrow frequency band, and
may not provide the full benefit of adding a loudspeaker.

Considering now the active behavior, such a cell can be close to
optimal for absorption. The porous plate is chosen with suitable
values for its air resistivity r and thickness lp, so that r lp = q0c:
the surface impedance of the porous plate is therefore equal to
the characteristic impedance of air if the active structure ensures
a pressure-release condition at the back of the porous plate. This
can be obtained by driving it so as to cancel the pressure at location
x ¼ xc; ie pþc ¼ �p�c . Using the above assumptions and Eqs. (1)–(4)
yield the following reflection and transmission coefficients:
Fig. 7. Geometry of the single actuator cell with coordinates of sub-systems.
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Fig. 9. Geometry of the dual actuator cell with coordinates of sub-systems.
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The resulting active absorption coefficient is plotted in Fig. 8: it
is very close to unity. There is a slight decrease at higher frequen-
cies, as the porous media does not follow Darcy’s law, even with
the simplistic assumptions of our model: the porous plate surface
impedance is thus not exactly rlp. Active control of the absorption
is however quasi-perfect over a wide frequency range, even with
the simple criterion considered here.

Conversely, transmission losses are almost suppressed by the
active control of absorption. This shows that the loudspeaker gen-
erates almost exactly the same volume velocity as the incident
wave, and absorption thus results mostly from interference effects.
This is consistent with a very low absorption by the porous plate,
which thickness is optimized for active absorption.

The opposite behavior may be obtained by driving the active
structure for maximum transmission loss, resulting however in re-
duced absorption. Several examples illustrating this trade-off can
be found in a previous work [37]. It is worth noting that even when
controlling for maximum absorption, the transmission losses are
never worse than without the hybrid cell (there is no amplification
of the transmitted wave). Simultaneous control of absorption and
transmission may therefore be considered, but cannot be optimal
without a dual-channel system.
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Fig. 10. Absorption coefficient (upper graph) and energetic transmission coefficient
(lower graph) of the dual actuator cell. Dashed lines: passive case, solid lines: active
control).
4.2. Dual actuator system

The dual-channel configuration makes use of two identical ac-
tive structures, as shown in Fig. 9. Note that one loudspeaker is
flipped left to right. The porous layer is the same as for the previous
configuration, and the two air gaps have the same 2 cm thickness.

The right active structure is driven similarly to the previous cell,
to achieve the pressure release condition pþe ¼ �p�e . In addition, the
left active structure is driven in order to cancel the transmitted
pressure: p�a ¼ 0. The cell then features two active structures dri-
ven from two microphone outputs, so its simulation requires a ma-
trix inversion. For the simple case considered here, an analytical
solution can be obtained, and is given in Appendix B.
The corresponding results are shown in Fig. 10: the proposed
system can indeed deal simultaneously with both absorption and
insulation. This result is no surprise as our simulation is based on
the superposition of the two control situations. More interesting
is the computation of the radiated pressures required by the con-
trol for each loudspeaker, which are plotted in Fig. 11.

The left structure radiates pþs1 which is very low above 400 Hz,
but can exceed the incident pressure below 120 Hz. The right
structure radiates pþs2 which amplitude is close to the incident
one, except below 200 Hz for which pþs2 rises significantly. This re-
sults from the interference between the two loudspeakers: as their
passive transmission loss is relatively low, each one produces a
non-negligible pressure on the microphone which monitors the
opposite control channel, and part of the control effort is wasted
in self-cancellation of the two active structures. This remains how-
ever within reasonable values for the considered cell.
5. Discussion

The behavior of the dual-channel hybrid cell may be investi-
gated by computing the matrix transfer function between the volt-
ages feeding the loudspeakers (U in Eq. (5)) and the two pressures
pe and p�a . The variations with frequency of its condition number C
are presented in Fig. 12 (dashed black line, for j = �1.0). C remains
close to 2, except at lower frequencies for which it raises signifi-
cantly, as a result of the interference between both radiating
structures.

The practical consequence of this interference is the voltage re-
quired to drive the two loudspeakers, presented in Fig. 13. As could
be expected, it is increased at lower frequencies for both loud-
speakers. The required values are however still reasonable, and
can be further reduced by taking advantage of the natural asym-
metry of actual speakers (as noticed on measurements in Section



Fig. 11. Modules of the pressure radiated by the loudspeakers: pþs1: solid line, pþs2:
dashed line.
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Fig. 12. Condition number of the cell transfer matrix. Solid lines: j = �1.2, dashed
lines: j = �1.0, solid gray lines: j = �0.83 and dashed gray lines: j = �0.5.
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Fig. 13. Modules of the voltage applied to the loudspeakers, left loudspeaker (upper
graph) and right loudspeaker (lower graph). Solid lines: j = �1.2, dashed lines:
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3.2). This is investigated by varying arbitrarily the directivity factor
j which reflects the geometry of the loudspeaker: (j = �1 for a
perfectly symmetric loudspeaker and j = 0 for a cardioid source).
Although values very different from unity are not common for
commercial devices, it could be tailored to a specific (reasonable)
value if required. We restricted ourselves to values of �1 and
�0.5, which we expect to be compatible with usual manufacturing
processes. We also used a value of �0.83 and �1.2 which corre-
spond respectively to the maximum measured experimental asym-
metry (cf. Fig. 5 around 1 kHz) and to the same loudspeaker fitted
with a reverse orientation. Results are plotted in Fig. 13. Between
20 and 200 Hz, voltages are significantly reduced for j = �0.5,
e.g. by a factor of about 4 for the left loudspeaker and about 2
for the right loudspeaker at 50 Hz. Moreover, condition number C
at low frequencies decreases (Fig. 12) when interferences between
sources are reduced. These results show the interest to achieve
even a modest imbalance between front and rear pressure
radiation.

The model presented here could be used to simulate more
sophisticated configurations, e.g. involving more layers. We did
not consider this worthy because such an 1D study already lacks
many effects, especially compared to a realistic 3D situation. We
believe that the presented model, backed by the experimental
assessment of the active structure model, can speed up the design
of an actual cell mock-up, at least at a preliminary stage. The main
results are:

The possibility to use dual-channel local controller from two
pressure measurements, for simultaneous control of absorption
and transmission.
The importance of the passive transmission losses of the active
structures for the conditioning of the problem.
The interest to use the natural asymmetry of loudspeaker for
improving the efficiency of the cell.

A practical implementation would however need to solve many
issues, including the manufacturing of such asymmetric active
structure, and the signal reference for the control (for a feedfor-
ward implementation) or its stability (for a feedback implementa-
tion). These are far beyond the scope of the present work, and will
be investigated as part of an ongoing research project.
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Appendix A. Loudspeaker’s back scattering matrix

The scattering matrix Sb of the loudspeaker’s back can be easily
calculated from its transfer matrix Tb which is given by
Tb ¼ Tcon � Tl1 � Texp � Tl2 [46] where Tl1;2 are the transfer matrices
of the tubes given by

Tl1;2 ¼
cosðkl1;2Þ jZc: sinðkl1;2Þ

j sinðkl1;2Þ=Zc cosðkl1;2Þ

� �
; ðA:1Þ

while Tcon and Texp respectively are the transfer matrices of the sud-
den area discontinuities (contraction and expansion) and are given
by

Tcon ¼
1 0
0 Sb=S

� �
ðA:2Þ

and

Texp ¼
1 0
0 Sd=Sb

� �
: ðA:3Þ

Relations between scattering and transfer matrices yields
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Sb ¼

Xþ �Wþ

Xþ þWþ
WþX� � XþW�

Xþ þWþ

2
Xþ þWþ �X� þW�

Xþ þWþ

2
664

3
775; ðA:4Þ

with

X� ¼ Tb
11 � Tb

12=Zc

W� ¼ Tb
21Zc � Tb

22

(
ðA:5Þ
Appendix B. Radiated pressure fields

For the dual actuator system, radiated pressure fields in the
controlled situation can be calculated by using scattering matrices
of the sub-systems. The incident and reflected pressure fields on
the left loudspeaker are given by

p�a
pþb

� �
¼

Ss
22 Ss

12

Ss
12 Ss

11

" #
pþa
p�b

� �
þ

�pþs1

�jpþs1

� �
: ðB:1Þ

Note that coefficients have been switched (and negated for active
parts) to take into account the speaker’s orientation. For the right
loudspeaker, the behavior equations are given by

p�c
pþd

� �
¼

Ss
11 Ss

12

Ss
12 Ss

22

" #
pþc
p�d

� �
þ

jpþs2

pþs2

� �
: ðB:2Þ

The left air layer behavior is described by Eq. (3) while the right
one is described by the following equation:

p�d
pþe

� 	
¼ 0 Sa

12

Sa
12 0

" #
pþd
p�e

� 	
: ðB:3Þ

The porous plate can be modelized by the following set of
equations:

p�e
pþf

( )
¼

Sp
11 Sp

12

Sp
12 Sp

22

" #
pþe
p�f

( )
: ðB:4Þ

Using Eqs. (B.1)–(B.4) and (3), anechoic assumption in the negative
direction ðpþa ¼ 0Þ and control conditions (p�a ¼ 0 and p�e þ pþe ¼ 0)
yield the following radiated pressure expressions for p�6 ¼ 1 Pa.

pþs2 ¼
Ss

11D� D=C � Ss
12Sa

12

� �2

1=C þ j=Ss
12 � Ss

11

Sp
12

Sa
12 1þ Sp

11

� � ;
pþs1 ¼

DSs
12Sp

12

C 1þ Sp
11

� �þ Sa
12

C
pþs2;

8>>>><
>>>>:

ðB:5Þ

with

C ¼ Sa
12

� �2 Ss
11 � jSs

12

� �
D ¼ 1þ Ss

22 Sa
12

� �2

(
: ðB:6Þ
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