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Summary
The design of panels improving both sound absorption and insulation performance over a wide frequency range
is a problem of considerable practical interest for transport and building industries. In this work, an analytical
method for predicting both the absorption coeﬃcient and the transmission loss of hybrid active/passive multilayered cells and the associated experimental investigation are presented. These cells combine passive and active
control by using passive layers and an active plate. Passive layers consist of absorbing materials located on the reception side in order to increase absorption over a wide frequency range. The active plate vibrates as a secondary
source in order to reduce sound transmission at low and/or at resonance frequencies. To validate the analytical approach, measurement methods in ducts based on the scattering-matrix description are applied to characterise three
types of system: (i)-passive discontinuities such as multilayered sandwiches including porous layers (ii)-active
discontinuities here the active plate playing the secondary source role, (iii)-hybrid cells equipped with active control system. For these three cases, the correspondence between theoretical simulations and experimental results
is satisfactory.
PACS no. 43.20.Gp, 43.20.Mv, 43.20.Ye, 43.40.At, 43.40.Dx, 43.40.Rj, 43.50.Gn

1. Introduction
Over the years, it has been shown that passive panels exhibit a lack of sound insulation at low frequencies, especially where structural resonances occur [1, 2]. Panels
with only passive material require unacceptable quantities of absorbing materials to get high acoustic performances at low and resonance frequencies. Active control techniques using piezoelectric actuators can complement passive solutions at low and resonance frequencies
while keeping a small weight and thickness. Indeed, to
improve acoustic absorption for a wide frequency range,
cells combining passive properties of absorbing materials
and active control have been developed by Galland and
all [3, 4]. The principle was therein based on the pressure cancellation realized behind porous material layer.
The ﬁrst major investigations on this hybrid concept were
conducted by Guigou and Fuller [5] in order to reduce
sound transmitted into an aircraft. In [6], Batifol et al.
presented a ﬁnite-element model to predict insulation by
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hybrid cells including poroelastic layers and piezoelectric
patches. Recently, Chang and all [7] presented a theoretical model for predicting the sound absorption for a thin
micro-perforated plate attached with piezoelectric patch
and electrical circuits. This paper presents analytical and
experimental methods based on the scattering-matrix description for predicting and measuring acoustical performances of active/passive sandwiches and their active and
passive elements. Hybrid cells tested in this work combine active and passive approaches by using an active plate
and passive layers. Passive layers include absorbing materials located at the reception side to increase absorption
over a wide frequency range. The active plate acts as a
secondary source of an active control system in order to
reduce the sound transmission at low and resonance frequencies. It should be noted that hybrid cells tested here
contain only one active control channel, the active feedback is optimized to minimize only the sound transmission. The absorption is passively assured at medium and
high frequencies using porous layers. To optimize by active control both absorption and insulation at low frequencies, two active control channels would be necessary.
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In the case of passive multilayered panels, the analytical
absorption coeﬃcient α and the transmission loss TL can
be deduced using transfer-matrix approach for the sandwich [8, 9]. A global matrix is easily deduced from the
elementary transfer matrices associated with each element
or interface of the passive sandwich under consideration.
In the case of hybrid cells (including sources), the
transfer-matrix formulation is not suitable to model the
problem due to active elements (noise control sources) in
the hybrid sandwich. On the other hand, it has been shown
by Abom [10, 11, 12, 13] that the scattering-matrix theory
is better suited for predicting acoustical properties of both
passive and active discontinuities in duct systems. This
two-port matrix is used to predict and/or measure the performance of passive two-port discontinuities in ducts such
as silencers or muﬄers [11] as well as two-port sources
[12] as for example: pumps, fans with one inlet and one
outlet opening. Overall, the scattering-matrix formalism
gives the best basic description of wave interaction problem (anechoic transmission and reﬂection on both sides of
the discontinuity, symmetry. . . ).
By analogy, the active plate which acts as a secondary
source in hybrid cells is modelled here as a two-port source
as described in section 2.2.
The simulation of the transmission loss and the absorption coeﬃcient of hybrid cells in the case of active control is carried using the scattering-matrix formulation. In
order to measure TL and α values of passive sandwiches
in ducts, the majority of previous works use measurement
methods such as the two-load method to determine the
transfer-matrix [6, 13] or the measurement of transmission
loss using anechoic terminations [14]. . . There are, however, some practical problems associated with these methods.
The two-load method has large errors sensitivity, especially, when element under test presents high transmission
loss [13, 15]. The use of anechoic termination makes the
measurement set-up large and quite expensive to build. In
view of this, it seems appropriate that measurement methods for characterisation of passive and active two-port elements as well as the entire hybrid cells should be based on
the scattering-matrix description.
In this work, characterisation inside a duct of passive
discontinuities such as passive sandwiches or porous layers is carried out using the two source-location method
[12]. This method is superior to the two-load method and
has smaller error sensitivity [13]. Also, a measurement
method used to determine two-port source data in form
of a source strength vector and a scattering-matrix [12]
is applied to characterize active and passive properties of
the secondary source. Furthermore, unlike passive sandwiches, the scattering-matrix of hybrid cells in the case of
active control, is not independent on the duct measurement
conditions described in section 3.
Consequently, all previous measurement methods to
determine the acoustical two-port matrices (described in
[13]) are not valid when the two-port element under test
is equipped with active control system. To overcome this
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Figure 1. Schema of passive, active and hybrid two-port systems;
(a) Passive sandwich excited on both sides by a plane wave; (b)
Active plate excited on both sides by a plane wave; (c) General
conﬁguration of the studied hybrid cells.

diﬃculty, some suggestions are given in section 3.3 to
adapt the two source-location method for measuring the
scattering-matrix of hybrid cells for active control case.
In the ﬁrst part of this paper, the scattering-matrix
formulation describing the acoustical behaviour of passive panels and active plates is recalled. An analytical
method is presented to predict, in the case of active control,
both absorption coeﬃcient and transmission loss of hybrid
sandwiches including porous layers, air layers, elastic thin
plate and an active plate. In the second part, the description
of measurement procedures based on the scattering-matrix
formulation is given for three cases: (i) passive layers or
sandwiches, (ii) active plate, (iii) hybrid cells. In the third
part, experimental and analytical results are presented and
discussed. The elementary layers of the hybrid cells under study (elastic thin plate, poroelastic layer, and the secondary source) are considered ﬁrst. Then, results of two
diﬀerent conﬁgurations of hybrid cells are discussed.

2. Theoretical basis and analytical simulation
2.1. Deﬁnition of the scattering matrix of passive
systems
Consider a passive system (elastic plate or/and porous panels. . . ) located between the axial coordinates z1 on the
left side and z2 on the right side as shown in Figure 1a.
Two plane waves are considered to excite this system on
both sides. Under the assumption of linear theory, the
acoustical behaviour of this panel can be described completely by its scattering-matrix [S]2×2 which implies a lin-
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ear relationship between the incoming wave pressure vector {P1+ (z1 ), P2− (z2 )}T and the out coming wave pressure
vector {P1− (z1 ), P2+ (z2 )}T ,


with






P1+ (z1 )
P1− (z1 )
= S 2×2
+
P2− (z2 )
P2 (z2 ) 2



S11 S12
.
S 2×2
S21 S22 2×2


,

(1)

2

This matrix, which depends only on the panel and its
boundary conditions, is independent of the upstream and
the downstream acoustical conditions. The physical meaning of its 4 coeﬃcients is as follows:
• S11 and S21 represent anechoic reﬂection and transmission coeﬃcients, respectively, associated with the left
side incoming wave.
• S22 and S12 represent anechoic reﬂection and transmission coeﬃcients, respectively, associated with the right
side incoming wave.
The anechoic absorption coeﬃcient α and the transmission
loss TL associated with the left side incoming waves can
easily be deduced from scattering-matrix coeﬃcients by
 2
α = 1 − S11  ,


TL = 10 log 1/|S21 | .
2

(2)
(3)

The acoustical behaviour of passive systems can also
be described using the transfer-matrix [T r]2×2 or the
mobility-matrix [Z]2×2 descriptions [2, 8, 11]. The
transfer-matrix method is usually used for modelling multilayered walls including passive layers without active elements [8, 9]. The scattering-matrix method is better suited
for modelling two-port systems including active elements
such as the active plate and/or hybrid cells presented in
sections 2.2 and 2.3. Furthermore, the scattering matrix
formalism uses the travelling wave amplitudes as state
variables which have been shown to be more attractive
than transfer or mobility matrices since it reﬂects the
fundamental interaction waves allowing one to develop,
for example, a general proposal for analyzing acoustic
two-port networks [10]. However, the diﬀerence between
[T r]2×2 , [S]2×2 and [Z]2×2 resides only in how the problem is depicted. So, when one type of these two-port matrices is known, the other matrix can be deduced from linear
transformations [11, 15].
2.2. Deﬁnition of the acoustical data of the secondary source
Consider a vibrating thin elastic plate driven by two
piezoelectric patches glued on each side of that plate as
shown in Figure 1b. This active plate can be modelled
as a two-port source [10, 12] having a radiated source
vector {P S }2×1 and a scattering-matrix [S S ]2×2 . The relationship between the incoming pressure wave vector
{P1+ (z1 ), P2− (z2 )}T and the out coming pressure wave vec-

tor {P1− (z1 ), P2+ (z2 )}T is written in this case

 +

 −
 
 s
P1 (z1 )
P1 (z1 )
+ P S 2×1
= S 2×2
P2− (z2 ) 2
P2+ (z2 ) 2
 S−

 S
P (z1 )
.
with
P 2×1 =
P S+ (z2 ) 2

(4)

P S+ and P S− are the pressure radiated by the active plate
on the right and the left side, respectively. The scatteringmatrix [S S ]2×2 depicts the passive behaviour of the plate,
while {P S }2×1 represents its active behaviour. {P S }2×1
and [S S ]2×2 are independent from the upstream and the
downstream acoustical conditions.
2.3. Analytical simulation of acoustic absorption and
insulation of hybrid cells
Hybrid sandwiches modelled in this work must be eﬃcient
in both absorption and acoustic insulation over a wide frequency range. A general combination to reach this goal is
the sandwich given in Figure 1c. This combination consists of
• A system (1) located on the reception side in order
to improve passively absorption. This system (1) can
include absorbing elements such as poroelastic layers
coupled with air cavities, and/or with microperforate
plate. . .
• A rear sandwich composed of the active plate, the system (2) which can be an air cavity or air/porous/air and
a thin plate located in the rear face. The active plate vibrates as a secondary source in order to reduce the pressure level at the error microphone position located at z4 .
The goal of this sandwich (active plate/system(2)/thin
plate) is to improve by active control the global sound
insulation of the entire cell.
Calculations of absorption coeﬃcient and transmission
loss of this hybrid cell are deduced from equations (5)–
(9) described below:
• The scattering-matrix [S S ]2×2 of the system (1)
located between axial coordinates z1 and z2 leads
to relationships between {P1+ (z1 ), P2− (z2 )}T and
{P1− (z1 ), P2+ (z2 )}T :


 +
 −
 1
P1 (z1 )
P1 (z1 )
.
= S 2×2
(5)
P2− (z2 ) 2
P2+ (z2 ) 2
• The acoustical source data of the active plate in form
of its scattering-matrix [S S ]2×2 and its source radiated
vector {P S− (z2 ), P S+ (z3 )}T gives the following equations system:


 +
 −
 s
P2 (z2 )
P2 (z2 )
= S 2×2
P3+ (z3 ) 2
P3− (z3 ) 2
 S−

P (z2 )
+
.
(6)
P S+ (z3 ) 2
• The scattering-matrix [S S ]2×2 of the system (2) located
between z3 and z4 leads to


 +
 −
 2
P3 (z3 )
P3 (z3 )
. (7)
= S 2×2
P4+ (z4 ) 2
P4− (z4 ) 2
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Table I. Physical properties and dimensions of structures composing cells (A) and (B) depicted in Figure 2.
Lateral dimensions of all elements
Width
Length

Figure 2. Schema and dimensions of the two tested hybrid cells
and of the used active plate; (a) Cell (A): porous/ air1/ active
plate/air2/porous/air3/elastic then plate; (b) Cell (B): porous /
air1/ porous /air2/active plate/ air3/elastic plate; (c) Photo and
dimensions of the active plate.

• In the case of anechoic upstream acoustic conditions
(P5− (z5 ) = 0), the scattering-matrix [S P l ]2×2 of the
elastic thin plate located between z4 and z5 gives


 +
 −
 Pl
P4 (z4 )
P4 (z4 )
. (8)
=
S
2×2
0
P5+ (z5 ) 2
2
• The used active plate is symmetrical with respect to its
right and left sides since the two piezoelectric patches
glued on its two sides are identical (see Figure 2c). Radiated pressures P S− and P S+ can therefore be related
by the following relationship:
P

S−

(z2 ) = −P

S+

(z3 ).

(9)

From equations (5)–(9), we can calculate P4 (z4 ) as
well as the reﬂected and transmitted pressures P1− (z1 ) and
P5+ (z5 ) on the reception and the transmission side, respectively:
P4 (z4 ) = g1 P1+ (z1 ) + g2 P S+ (z3 ),
P1− (z1 ) = g3 P1+ (z1 ) + g4 P S+ (z3 ),

P5+ (z5 ) = g5 P1+ (z1 ) + g6 P S+ (z3 ).

(10)
(11)
(12)

Parameters gi=1...6 are as a function of scatteringmatrix coeﬃcients of [S 1 ]2×2 , [S 2 ]2×2 , [S P l ]2×2 and
[S S ]2×2 computed by combining equations (5)–(9). Those
scattering-matrices are deduced from analytical transfermatrices [T r 1 ]2×2 , [T r 2 ]2×2 , [T r P l ]2×2 and [T r S ]2×2 associated respectively, to the systems (1), (2), the elastic thin
plate and the active plate. The radiated pressure allowing
the cancellation of the sound pressure level P4 (z4 ) at the
error sensor position is deduced from equation (10),
P S+ (z3 ) = −(g1 /g2 )P1+ (z1 ).
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(13)

a = 6.6 cm
b = 6.6 cm

Elastic steel thin plate
Thickness
Mass density
Young’s modulus
Poisson’s ratio

h = 0.2 mm
ρS = 7700 kg/m3
E = 2 · 1011 (1 − 0.01j)
ν = 0.33

Active plate
Mean thickness
Mean mass density
Mean Young’s modulus
Poisson’s ratio

h = 0.33 mm
ρS = 15000 kg/m3
E = 2 · 1011 (1 − 0.1j)
ν = 0.33

Poroelastic layers (foam)
Thickness
Flow resistivity
Porosity
Tortuosity
Viscous characteristic dimension
Thermal characteristic dimension
Poisson’s ratio of the skeleton
Young’s modulus of the skeleton
Solid mass density

e1 = e2 = 2 cm
σ = 26 Rayls/m
φ = 0.95
α∞ = 1.1
Λ = 150 µm
Λ = 220 µm
ν = 0.3
E = 1 · 105 (1 + 0.1j)
ρ = 100 kg/m3

Air cavities
Fluid mass density
Sound speed

ρ0 = 1, 213 kg/m3
c0 = 342 m/s

We can introduce in equation (13) a factor χ to describe
the active control intensity as
P S+ (z3 ) = −χ(g1 /g2 )P1+ (z1 ).

(14)

χ = 1 means that the pressure at z4 is equal to zero (active
control fully working); χ = 0 means that there is only
passive control, active control being oﬀ. If for example
χ = 0.8, active control reduces 80% of the sound pressure level at the control point.
Reﬂection and transmission coeﬃcients at z1 and z5 , respectively, are determined from (11), (12) and (14):

(15)
R(χ) = P1− (z1 )/P1+ (z1 ) = g3 − χ(g1 g4 /g2 ) ,

+
+
T (χ) = P5 (z5 )/P1 (z1 ) = g5 − χ(g1 g6 /g2 ) .
(16)
Absorption coeﬃcient α(χ) and transmission loss TL(χ)
of the hybrid cells presented in Figure 1c can ﬁnally be
deduced from equations (2), (15), (3) and (16).
Two hybrid combinations (A) and (B) are tested in
this paper (Figures 2a and 2b). For the cell (A), the system (1) consists of a porous layer coupled with air cavity
(porous/air), while the system (2) is air/porous/air. Their
associated transfer-matrices are equal to:
 1


(17)
T r 2×2 = T r por(1) 2×2 · T r air(1) 2×2 ,
 2
 air(1)
 por(2)
T r 2×2 = T r
· Tr
2×2
2×2
 air(3)
(18)
· Tr
.
2×2
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For (B), the system (1) is porous/air/porous/air, while the
system (2) is a simple air cavity, so
 1
Tr
 2
Tr

2×2

2×2



= T r por(1) 2×2 · T r air(1) 2×2


· T r por(2) 2×2 · T r air(2) 2×2 ,

= T r air(3) 2×2 .

(19)
(20)

[T r air(1,2,3) ]2×2 is the transfer-matrix of air layers in the
case of a plane wave excitation [2]. [T r por(1,2,3) ]2×2 is the
transfer-matrix of the used poroelastic layers analytically
calculated by Biot-Allard model [2]. The elastic thin plate
is modelled here as a simply supported plate with inﬁnite
lateral dimensions. To consider ﬁnite dimensions (a = b =
6 cm) its transfer-matrix [T r P l ]2×2 is deduced from its impedance adjusted in order to account the ﬁrst ﬂexural mode
[16]. Due to the geometry of the active plate (Figure 2c),
its transfer-matrix [T r S ]2×2 is deduced by the same way
considering equivalent parameters (thickness, mass density and Young’s modulus) determined by adjusting analytical curves to experimental ones. Of course, those analytical matrices do not correspond exactly to practical conditions, but, they can be used for testing the hybrid cells
simulation approach presented here. Indeed, the cells elements have small lateral dimensions (a = b = 6.6 cm) and
are coupled only with air layers. Therefore, eﬀects of some
parameters such as higher vibration modes of elastic thin
plates and ﬁnite lateral dimensions of porous layers are neglected. Alternatively, when analytic calculations are too
complicated (complexes boundary conditions, active plate
with several piezoelectric patches. . . ), all those matrices
can be deduced by numerical [17, 18, 19] and/or experimental methods presented below in section 3 and then introduced in the numerical implementation of the analytical
theory described above.

3. Measurement methods
The characterization of passive sandwiches, the active
plate and hybrid cells is based on the measurement of the
scattering-matrix [S]2×2 . Experiments were carried out by
a rectangular duct including segments made with 0.5 cm
thick steel walls which have 6.6 cm internal width and
length. Figure 3a shows the following elements:
• A test segment for ﬁxing a sample under test.
• Two identical sources (1) and (2) ﬁxed on each ends of
this duct.
• Two measurement sections to separate travelling waves
P + and P − in both sides of the test segment.
During all measurements, sources (1) and (2) were driven
with a white noise signal in the frequency band [20–
2000 Hz]. For those frequencies, the acoustic excitation inside the measurement duct is a plane wave with normal incidence. The determination of the scattering-matrix of passive, active and hybrid systems has been carried out using
the two source-location method [13] which is based on the
measurement of positive and negative travelling waves P ±

Figure 3. Experimental duct used to measure the scatteringmatrix of two-port discontinuities; (a) Experimental setup for the
characterization of passive elements and/or hybrid cells; (b) Experimental setup for the characterization of the active plate.

in both sides of the test segment for two diﬀerent acoustical duct conditions. These two diﬀerent conditions are obtained using the two source-location method [13]. The ﬁrst
one was obtained by switching on the source (1), while the
source (2) was switched oﬀ leading to


P1− (z4 )I
P2+ (z5 )I




= SI
2


2×2

P1+ (z4 )I
P2− (z5 )I


.

(21)

2

The second condition was obtained by switching on the
source (2), while the source (1) was switched oﬀ,


P1− (z4 )II
P2+ (z5 )II




= S II
2


2×2

P1+ (z4 )II
P2− (z5 )II


. (22)
2

P1± (z4 ) and P2± (z5 ) depict pressure waves travelling in the
positive and negative z directions in measurements sections 1 and 2 at z4 and z5 , respectively. Superscripts (I)
and (II) indicate the two diﬀerent acoustic conditions of
the measurement duct. Four microphones Mi were used
to separate P ± positive and negative travelling waves on
each side of the sample under test. The two-microphone
method is known to give poor results when the wavelength
λ is closed to twice the distance between the microphones
[20]. An overdetermination technique [15] using a number of equations higher than the number of unknowns allows avoiding this problem. P1± (z4 ) and P2± (z5 ) were de-
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P1 (z4 )
=
P1− (z4 ) 2×1

∗

D+ 2×4 · D+


P2+ (z5 )
P2− (z5 )

∗
D−
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(23)
−1 
T
∗
D+ 2×4
2×4

2×4

 
P1 4×1 ,

3.2. Characterisation of the radiating plate


=
2×1

(24)


· D−
2×4

−1 
T
∗
D− 2×4
2×4

2×4

 
P2 4×1 ,

where [D+ ]2×4 and [D− ]2×4 are 2 × 4 matrices used for
separation in sides (1) and (2).

 ± T
1 e±jkd1 e±jkd2 e±jkd3
.
D 2×4 =
(25)
1 e∓jkd1 e∓jkd2 e∓jkd3
d1 = 5 cm, d2 = 15 cm, d3 = 45 cm, are distances between the microphone 1 and 2, 1 and 3, 1 and 4, respectively. {P1 }T4×1 = {P (zi=1,2,3,4 )}T4×1 and {P2 }T4×1 =
{P (zi=5,6,7,8 )}T4×1 are the pressure vectors on the two sides.
P (zi ) is the acoustic pressure at z1 deduced from the transfer function HMi ,X between the microphone signal Mi and
the reference signal X. The calibration of microphones has
been carried out using the transfer function method [21]
avoiding the use of calibration sources.
3.1. Characterization of passive systems
When the element under test is passive or when the active
control system is turned oﬀ, the scattering-matrix is independent on acoustical conditions inside the measurement
duct, so



(26)
S 2×2 = S I 2×2 = S II 2×2 .
[S]2×2 is determined from equations (21) and (22) as

S

2×2


= P out

2×2


· P in

−1
.
2×2

(27)

out −1
]2×2 are input and output waves matrices
[P in ]−1
2×2 and [P
whose two columns are associated to two measurement
duct conditions (I) and (II) described by equations (21)
and (22),

+(II)
+(I)
 in
(z4 )
P1 (z4 ) P1
,
P 2×2 =
(28)
−(II)
−(I)
(z5 )
P2 (z5 ) P2

−(II)
−(I)
 out
(z4 )
P1 (z4 ) P1
.
(29)
P 2×2 =
+(II)
+(I)
(z5 )
P2 (z5 ) P2

The signal driving sources (1) or (2) is taken here as the
reference signal. It should be noted that the determination
of the matrix [S]2×2 can also be carried out using the twosource method where the two measurement conditions (I)
or (II) are obtained by switching on simultaneously the
sources (1) and (2). To have an invertible matrix [P in ]2×2 ,
properties of one-port sources (1) and (2) associated to
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measurement condition (I) must be diﬀerent from those
associated to measurement condition (II).
The two source-location method used in this work has
a smaller error sensitivity than the two-source or the twoload methods and enables to better avoid singular frequencies for solving equation (27) [13].

In order to determine the active plate performances, its
scattering-matrix [S S ]2×2 and its source strength vector
{P S }2×1 have to be determined. The measurement procedure consists in two steps:
• Firstly, [S S ]2×2 was determined using the method described above for the passive case.
• Secondly, using eq. (4), the radiated vector {P S− (z4 ),
P S+ (z5 )}T was determined from the measured scattering-matrix [S S ]2×2 and from pressure vectors {P1+ (z4 ),
P2− (z5 )}T and {P1− (z4 ), P2+ (z5 )}T measured by turning
oﬀ the external sources (1) and (2),

 S−

 −
P (z4 )
P1 (z4 )
=
(30)
P2+ (z5 ) 2
P S+ (z5 ) 2

 +
 S
P1 (z4 )
.
− S 2×2
P2− (z5 ) 2
In this step, {P1+ (z4 ), P2− (z5 )}T and {P1− (z4 ), P2+ (z5 )}T
have been deduced from the measured transfer functions HMi ,Y where the electrical signal Y driving the
active plate is taken as the reference signal (see Figure 3b).
3.3. Characterisation of hybrid cells performances
Active control is realised using the ﬁltered-X LMS algorithm [3, 4, 5, 6]. Unlike passive sandwiches, the scattering-matrix of hybrid cells depends on upstream and downstream acoustical conditions inside the measurement duct
when the active control is turned on. So, [S I ]2×2 associated with the ﬁrst measurement condition (I) is not equal
to [S II ]2×2 associated to the measurement condition (II)
([S I ]2×2 = [S II ]2×2 ). Consequently, all previous measurement methods [13] developed to determine acoustical two-port matrices are not valid in this case. In order
to adapt the two source-location method to active control
case, the scattering-matrix [S II ]2×2 associated to the measurement condition (II) must be identical to [S I ]2×2 associated to the measurement condition (I). To get such condition (II), the sound level and the phase of the source (2)
must be adjusted so that the error microphone indicates a
value eII equal to eI for both modulus and phase and for
each frequency (see Figure 3a). Note that eI and eII are
the error microphone signals (before turning on the active
control) associated with measurement conditions (I) and
(II) as described by equations (21) and (22). By this way,
the scattering-matrix of two-port hybrid systems can be
deduced from equation (27). The experimental absorption
coeﬃcient α and transmission loss TL in the case of active control are ﬁnally deduced from the measured matrix
[S]2×2 via equations (2) and (3).

Sitel, Galland: Performances of hybrid cells

ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 97 (2011)

Figure 5. Experimental scattering-matrix [S]2×2 and radiated
pressures P S± of the active plate. (a) Modulus of S11 , S22 , S12
and S21 ; (b) Modulus of P S± ; (c) Phase of P S± .
Figure 4. Comparison between experimental and analytical modulus of scattering-matrix coeﬃcients of passive elements composing the studied hybrid cells; (a) Reﬂection coeﬃcients S11
and S22 of a rectangular simply supported elastic thin plate; (b)
Transmission coeﬃcients S21 and S12 ; (c) Reﬂection coeﬃcients
S11 and S22 of a rectangular poroelastic layer; (d) Transmission
coeﬃcients S21 and S12 .

4. Presentation and analysis of results
Experimental curves are plotted versus frequency up to
2000 Hz for a normal incidence plane wave excitation.
Physical properties and dimensions of elements composing the tested cells (porous layer, elastic plate, active plate)
are listed in Table I. Poroelastic parameters of the porous
material used by the analytical model [2] have been determined by the characterization techniques given in [22].
4.1. Results of elements composing the studied hybrid cells
Figures 4a and 4b represent experimental and analytical
modulus of the scattering-matrix coeﬃcients, S11 , S22 , S12
and S21 of a simply supported elastic thin plate used in
the tested hybrid cells. The agreement between analytical
and experimental curves is generally very good. Four comments have to be made:
1. Peaks and dips are noted on anechoic transmission
{S12 , S21 } and reﬂection {S22 , S11 } coeﬃcients. The
ﬁrst (at 250 Hz) and secondary (at 1100 Hz) peaks and
dips are due to the resonance of the ﬁrst and the second
ﬂexural modes of the plate, respectively.

2. Peaks and dips of experimental curves are slightly
shifted to low frequencies with respect to analytical
curves. This is due to experimental mounting conditions
of the plate which is not perfectly simply supported.
3. The absence of the second mode (at 1100 Hz) on analytical curves is related to the used analytical model
which takes into account only the ﬁrst ﬂexural mode.
4. For frequencies higher than 200 Hz, curves of anechoic
reﬂection coeﬃcients S11 and S22 associated to incoming waves from the left and the right side, respectively
are nearly super-imposed, verifying then the symmetry of the plate. For low frequencies below 200 Hz, the
symmetry is not veriﬁed (S22 = S11 ). This is due to
poor performances at very low frequencies of the used
external sources (1) and (2) (see Figure 12).
Figure 4c shows experimental and analytical modulus of
anechoic reﬂection coeﬃcients {S11 , S22 } for a rectangular poroelastic layer (inserted in the experimental duct),
Figure 4d shows the modulus of its anechoic transmission
coeﬃcients {S12 , S21 }. The agreement between the calculated and measured coeﬃcients is good. A small diﬀerence
between coeﬃcients S11 and S22 is however observed for
frequencies higher than 800 Hz showing that the porous
layer is not totally symmetrical. This can be explained by
a small diﬀerence between both faces of the porous layer.
Also, a ‘small dip’ on experimental curves of {S21 , S12 }
and a ‘small peak’ on curves of {S11 , S22 } are clearly noticeable around 360 Hz. This is due to the resonance of
the ﬁrst ﬂexural mode of the poroelastic rectangular layer.
As expected, resonances are not seen in analytical curves
because calculation was carried out with inﬁnite lateral dimensions.
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Figure 6. Experimental and analytical performances of hybrid
cell (A) for passive case; (a) Transmission loss TL (dB); (b) Absorption coeﬃcient α.

Figure 7. Experimental performances of hybrid cell (A) with and
without active control; (a) Transmission loss TL (dB); (b) Absorption coeﬃcient α.

Figure 5a shows experimental modulus of the active
plate scattering-matrix coeﬃcients. The active plate under
test is simply supported and shown in Figure 2c. Curves
of experimental scattering-matrix coeﬃcients point out a
symmetrical passive behaviour since S22 = S11 . Eﬀects of
the added mass due to the piezoelectric patches are obvious: the resonance magnitude (around 320 Hz) of the active plate ﬂexural mode is less important than that of the
simple plate without patches (Figures 4a and 4b).
Figure 5b shows the experimental modulus of pressures
radiated by the active plate on the right and the left side
P S+ and P S− , respectively. Those radiated pressures are
measured by the method described in section 3.2. The
modulus of P S+ and P S− is important in particular around
the ﬁrst and the second modes of the active plate whose
the resonance frequency is closed to 400 Hz and 2000 Hz.
Far from those two frequencies, the modulus of P S+ and
P S− is relatively low. On the other hand, P S+ and P S−
are nearly superimposed (Figure 5b), and their phases are
π shifted (Figure 5c) verifying the symmetry of the active
behaviour of the plate. Consequently, the use of equation
(9) to account the symmetry of the secondary source is
validated.

(see Figure 12). This makes the determinant of the matrix [P in ]2×2 (deﬁned by equation 28) closed to zero [13]
and then increases error sensitivity of the method used to
measure the scattering-matrix.
Figures 7a and 7b show experimental results of TL and
α of cell (A) with and without active control. Using active control, a signiﬁcant gain (more than 15 dB) has been
obtained in transmission loss around resonances (between
350 and 500 Hz). For those frequencies the experimental
absorption coeﬃcient α decreases when the active control
is applied. This is due to the pressure P S− (z4 ) radiated by
the active plate towards the reception side having here a
negative eﬀect in terms of absorption. Far-oﬀ resonances,
the diﬀerence between passive and active control curves is
insigniﬁcant.
To improve absorption without increasing thickness and
mass, the sandwich (B) (Figure 2b) is selected from prediction results and then experimentally tested. Without active control (Figure 8), both theory and experiment show
its higher absorbing performance than sandwich (A). Indeed, for frequencies higher than 400 Hz, the coeﬃcient is
higher than 0.8 and for frequencies located between 250
and 400 Hz, α is between 0.5 and 0.8. In terms of acoustic
insulation (Figure 8a), the sandwich (B) is inferior to (A).
In fact, in the case of cell (B), the system (2) is a simple
air cavity with a small thickness (z4 − z3 = 1 cm). So, the
active plate mode resonance is quite far from the massspring-mass resonance of the system (active plate/ system
(2) /elastic plate). Consequently, the transmission loss of
(B) is much reduced for a larger frequency range located
between two dips (around 400 Hz and 550 Hz) compared
with cell (A) (one dip).
In the case of active control (Figure 9), there are two
remarks:
• The active control is eﬃcient only around the frequency
resonance of the active plate located 400Hz. The second

4.2. Results of hybrid cells
In Figures 6a and 6b, the analytical and experimental
curves of absorption coeﬃcient and transmission loss TL
of the sandwich (A) are compared without active control case. Mostly, the agreement between theory and experiment is very good. For the frequency range [500–
2000 Hz], experiment and theory show satisfactory performances of the sandwich (A) on both absorption and
acoustic insulation (α > 0.6, TL> 40 dB). A discrepancy
between experiment and theory is however noted below
150 Hz. This diﬀerence is due to the low level of pressures
radiated by sources (1) and (2) at very low frequencies
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Figure 8. Experimental and analytical performances of hybrid
cell (B) for passive case; (a) Transmission loss TL (dB); (b)
Absorption coeﬃcient α; The symbols and N denote the active plate mode resonance and the mass-spring-mass resonance
of cell (B).

Figure 9. Experimental performances of hybrid cell (B) with and
without active control; (a) Transmission loss TL (dB); (b) Absorption coeﬃcient α.

dip of the transmission loss located near of 550Hz has
not been signiﬁcantly reduced by active control. This is
due to the low level of the frequency response P S+ (f )
of the used secondary source near of 550 Hz. We can
conclude that as a secondary source of an active control
system, the used active plate is eﬃcient only around the
frequency resonance of its ﬂexural modes.
• By using two porous layers in the reception side,
negative eﬀects (on absorption) of radiated pressure
P S− (z4 ) towards the reception side is negligible.
Figure 10 depicts analytical α and TL of the sandwich (A)
in the case of active control. Those analytical curves are
deduced from equations (15) and (16) with diﬀerent ac-
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Figure 10. Predicted acoustical performances of cell (A). (a)
Transmission loss TL (dB); (b) Absorption coeﬃcient α.

tive control intensities according to the factor χ (χ = 0,
0.75, 0.95). Around resonances (near 400 Hz), analytical
absorption coeﬃcient agrees with experiment (Figure 7b)
since α diminishes due to P S− (z4 ) eﬀects when the active control is applied (χ = 0.75, 0.95). With active control, a gain on TL (10 dB for and 40 dB for χ = 0.95) is
obtained in the whole studied frequency range. Nevertheless, experiment has shown that active control is eﬃcient
only near of the active plate mode frequency (around of
400Hz). This diﬀerence is of course normal since the active plate frequency response is considered invariant in the
prediction by taking the factor χ invariant versus the frequency. To account for the actual frequency response, the
factor χ used in equations (15) and (16) is replaced by
χ (f ) including the normalised radiated pressure P S+ (f )
as follows:


χ (f ) = χ P S+ (f ).
(31)
Figure 11 represents transmission loss of sandwiches (A)
and (B) simulated using the measured radiated pressure
P S+ in equation (31) for χ = 0; 0.75. At once, the agreement between experiment (Figures 7a and 9a) and simulation (Figures 11a and 11b) is now excellent. For both
sandwiches (A) and (B), the transmission loss has been
improved by active control, but only around the ﬁrst resonance frequency of the active plate. To get a high acoustic
insulation in the whole frequency range, the system (2) of
the general conﬁguration of hybrid cells presented in Figure 1c must be chosen so that the mass-spring-mass frequency resonance of the whole cell should be closed to
the frequency resonance of the active plate. On the other
hand, for thicknesses L lower than 10 cm, all combinations of hybrid cells presented in Figure 1c can not allow
good absorption at very low frequencies (f < 300 Hz). It
is however possible to improve absorption performances
for middle and high frequencies by using a system (1) conﬁguration in the reception side similar to the sandwich (B)
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Figure 11. Transmission loss of cells (A) and (B) simulated (with
and without active control) taking into account the experimental
frequency response of the secondary source.

Figure 12. Spectrums of radiated pressures of one-port sources
(2) and (1) used to measure the scattering-matrix.

one. To greatly improve the absorption coeﬃcient and the
transmission loss at very low frequencies while keeping a
small thickness, two active control channels would be necessary.

5. Conclusion
Analytical and experimental methods based in the scattering-matrix formulation have been applied to model and to
measure the transmission loss and the absorption coeﬃcient of hybrid cells as well as acoustical performances
of their active and passive elements. The studied hybrid
cells use active control for reducing the sound transmission at low and resonance frequencies and passive control
for improving the sound absorption at medium and high
frequencies. A good agreement has been found between
theory and experiment for two diﬀerent hybrid conﬁgurations and for their active and passive elements. This conﬁrms the simulation approach eﬃciency presented in this
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work as well as a good precision of the used experimental
methods. This work has shown that:
• The characterisation of the secondary source in form of
a vector of radiated pressures and a scattering-matrix
gives a best complete description of secondary sources
properties allowing a good prediction or/and optimisation of hybrid cells acoustical performances.
• The use of an active plate vibrating as a secondary
source through piezo-electric patches allows good active control performances, but only close to its resonance frequency. Around this frequency, a signiﬁcant
gain on transmission loss (higher than 15 dB) has been
obtained by active control.
• An appropriate choice of the system (porous layers +
air cavities) located in the reception side allows good
absorption performance for a wide frequency band between 200 and 2000 Hz.
In spite of its simplicity, the proposed simulation approach
is an eﬃcient tool for modelling or optimizing multilayered hybrids cells. Indeed, when cells elements cannot be
modelled by analytical methods (ex: complex element geometries, boundary conditions,. . . ), numerical or experimental data in form of scattering-coeﬃcients or radiatedpressures can easily be incorporated in numerical implementations of the described formulations. This enables to
easily model complex hybrid cells conﬁgurations with a
smaller computation time compared with numerical methods modelling the whole structure at the same time.
In future works, hybrid cells with two active control
channels will be tested in order to increase simultaneously
absorption and acoustic insulation at low frequencies. Effects of oblique incidence and diﬀuse ﬁeld will also be
investigated.
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