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A new hybrid passive/active system is developed for sound absorption over a wide frequency range.
The system is comprised of a layer of absorbing material positioned at a distance from an active
wall, leaving an air space. The motion of the active wall is based on a new control approach which
consists of the minimization of the reflected wave within the airspace which modifies the layer’s
back surface impedance so as to match the characteristic impedance of air. This technique is referred
here as inducing an impedance-matching condition. Both numerical and experimental results of such
a system are presented for normally incident planar waves. The hybrid passive/active system results
in a high absorption coefficient of .8–1.0 over the frequency range 100–2000 Hz and is insensitive
to system parameters such as air space depth and absorbing layer thickness. © 1997 Acoustical
Society of America. @S0001-4966~97!02303-5#
PACS numbers: 43.55.Ev, 43.50.Ki @PJR#

INTRODUCTION

In general, passive noise control methods that employ
the use of sound-absorbing materials are practical and most
effective at mid to high frequencies. On the other hand, active noise control techniques are more efficient at low frequencies. The complementary strengths and weaknesses of
passive and active noise control methods have motivated
many researchers to develop a system that integrates both
methods. One of the first published works on a noise absorption system that comprises both active and passive control
methods is that of Guicking and Lorenz.1 The passive component was comprised of a porous plate located in an impedance tube a small distance from the open end of the tube
which was terminated by a control speaker. The signal from
a microphone in front of the porous plate was sent to the
control speaker after it was passed through a suitable amplification scheme. A second microphone controlled the complex amplification factor such that the sound pressure at that
location was minimized so as to produce a pressure-release
condition just behind the plate. Almost total absorption of
the acoustic energy was reported over the frequency range
100–600 Hz.
Thenail et al.2 investigated an active system that included a fiberglass absorbing layer backed by an air cavity
terminated with an active surface. Their work was intended
to show that a pressure-release condition on the back surface
of the fiberglass leads to improvement in absorption. They
investigated two different control approaches. In the first
control approach, an error microphone was located on the
back surface of the fiberglass layer, and the pressure at that
location was minimized. The result of this study showed an
improvement of absorption that declines with an increase in
frequency. The result reported was for the frequency range of
200–800 Hz. The second control approach investigated was
identical to Guicking and Lorenz’s work,1 where the porous
plate was replaced with the fiberglass layer. Their results
show almost total absorption for the frequency range of 500–
1400 Hz. In both control approaches, the authors used an
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optimum fiberglass layer thickness of 2 cm. Both the numerical and experimental results demonstrated that the system
was sensitive to fiberglass thickness and porosity.
Fuller et al.3 presented an experimental study done on
the potential of an ‘‘adaptive foam’’ for radiation and reflection control. Their adaptive foam included a polyvinylidene
fluoride film ~PVDF! imbedded in polyurethane foam in a
sine wave shape. In the reflection control experiment, the
adaptive foam was rigidly backed and positioned at the open
end of an impedance tube. The incident and reflected waves
in front of the adaptive foam were separated using a set of
identical microphones and a wave deconvolution circuit, and
the reflected wave signal was minimized. The experiment
performed was for a frequency range of 100–1000 Hz. At
frequencies above 600 Hz, attenuation of the reflected wave
of up to 40 dB was reported. Without active control, the
passive attenuation of the adaptive foam was reported to be
low.
A hybrid passive/active system for sound absorption
which is again based on the concept of mounting a layer of
sound-absorbing material at a distance from a wall is proposed here. Unlike in previous work where the wall is driven
so as to produce a pressure-release condition at the back
surface of the layer,1,2 in this new approach the impedance at
the back surface of the layer is modified to match the characteristic impedance of air. This condition is referred here as
impedance matching to differentiate it from the pressurerelease ~or zero impedance! condition. In practice, the
impedance-matching condition is simply achieved by minimizing the reflected wave in the airspace behind the absorbing layer. The effectiveness of this approach is demonstrated
both numerically and experimentally for normal incident
waves and single frequency excitations.
I. CONTROL APPROACH

A simple one-dimensional ~1-D! numerical model is developed to simulate the proposed hybrid passive/active system. This system was modeled as a two-layer media where
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FIG. 1. Passive/active sound absorption system.

the first medium is a layer of a sound-absorbing material and
the second is a cavity of air, backed by an active wall as
shown in Fig. 1. The fluid in front of the absorbing layer is
also assumed to be air. The incident and reflected waves in
each of the three regions are represented in their exponential
form as
p 1n ~ x,t ! 5A n e 2Gx e i v t ,

p 2n ~ x,t ! 5B n e Gx e i v t ,
~1!

n51,2,3,

where the coefficients A n and B n are the amplitude of the
incident and reflected waves, respectively; v52 p f is the
angular frequency; G is the propagation constant; and i
5 A21. Due to the dissipative nature of the absorbing material ~n51!, the propagation constant G is complex and can
be expressed as G a 5 j a 1ik a , where the real part ja is the
attenuation constant and the imaginary part k a is the phase
constant. In the airspace and in front of the absorber, the
propagation constant is purely imaginary and equal to the
acoustic wave number given as ik5i v /c, where c is the
speed of sound in air.
The particle velocity for the above waves can be written
in terms of the plane wave impedance of the medium as
p 61 ~ x,t !
n 62 ~ x,t ! 56
,
Za

~2!

where Z a is the complex impedance of the absorbing material and r c is the characteristic impedance of air.
The conditions of continuity of pressure and particle velocity are now imposed at the front and back surfaces, e.g.,
x50 and x5l a , of the absorbing layer as well as the matching of the fluid particle and active wall velocities at
x5l a 1l g . These conditions lead to the linear system of
equations3
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Ẑ a

1

21

0

0
0
0

1513

E
E

21
21

0

E

2D

0
0
21

2D

2E

2D 21 Ẑ a
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~3!

where E5exp~Ga l a !, D5exp~ikl a !, G5exp„ik(l a 1l g )…, and
Ẑ a 5Z a / r c.
The optimum control input ~nwall!opt should be determined to minimize the total reflected wave, B 1 , in front of
the absorbing layer. One approach is the use of a wave sensor that directly measures the total reflected wave, B 1 . This
sensing approach was implemented previously in the work
by Fuller et al.4 and Guicking and Karcher5 in purely active
systems. However, it presents a design drawback since the
error transducer is located in the acoustic field to be minimized, i.e., zone of quiet. This is impractical in many applications, a fact clearly recognized by Guicking and Karcher.5
Here, we seek a sensing strategy where, first, the error transducer is positioned in the airspace ~so it does not interfere
with the system, i.e., the error sensor is not in the zone of
quiet! and, second, by canceling the measured acoustic response in the airspace, minimization of the total reflected
wave in front of the system is obtained. To this end, it is
important to review the behavior of a layer of absorbing
material for normal incident waves.
The input impedance, Z I , of a layer of absorbing material can be computed from the impedance at the back surface
of the absorbing layer ~Z 2!, the acoustical properties of the
material ~Ga and Z a !, and the layer thickness (l a ) as6
Z I 5Z a

Z 2 cosh~ Gl a ! 1Z a sinh~ Gl a !
.
Z a cosh~ Gl a ! 1Z 2 sinh~ Gl a !

~4!

The impedance at the back surface of the absorbing
layer can be computed from the relative values of the incident and reflected sound waves in the airspace as
Z 25 r c

p 6n ~ x,t !
,
n 6n ~ x,t ! 56
rc

n51,3,

56 56
1
Ẑ a
0
0
0

A 3 e 2ikl a 1B 3 e ikl a
.
A 3 e 2ikl a 2B 3 e ikl a

~5!

Replacing the last equation in the linear system of Eq. ~3!
into ~5! leads to
Z 25 r c

r c n wall1B 3 e ikl a 2 cos~ kl g !
,
r c n wall1B 3 e ikl a 2 sin~ kl g !

~6!

where it is clear that the impedance at the back surface of the
absorbing layer is a function of the active wall velocity, i.e.,
explicitly through the first terms in the numerator and denominator and implicitly through the wave amplitude B 3 .
Setting nwall to zero in Eq. ~6! yields the well-known impedance Z 2 52i tan(kl g ) due to a rigid wall at a distance l g
from the absorber layer.6
Equation ~6! clearly indicates that the active control system, i.e., motion of the wall, can be interpreted as an active
modification of the layer back surface impedance and consequently of the input impedance Z I as well. In this context,
the control approach of minimizing the pressure at the back
surface of the layer ~referred as pressure release condition! is
equivalent to imposing a zero impedance condition, Z 250.
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FIG. 2. Absorption coefficient of absorbing layer with ~———! impedancematching and ~---! pressure-release conditions at the layer’s back surface: j
fiberglass, h foam, d sponge rubber, and s Kevlar.

The optimum impedance, Z 2 , that would lead to perfect absorption can easily be obtained by setting the input impedance equal to the characteristic impedance of air, i.e., Z I 5 r c
in Eq. ~4!, and solving for Z 2 . This optimum impedance is a
complex function of the acoustical properties and thickness
of the absorbing layer and may be difficult to implement in
practice. However, further inspection of Eq. ~4! reveals that
as the arguments of the hyperbolic functions decrease
(Gl a →0), the cosh (Gl a ) and sinh (Gl a ) function will approach unity and zero, respectively. This implies that the
optimum back impedance should approach the characteristic
impedance of air, i.e., Z 2 5 r c, in spite of the value of the
characteristic impedance of the absorbing material, Z a . The
decrease in the argument Gl a will take place when ~a! the
thickness of the absorbing layer is reduced and/or ~b! when
the propagation characteristic is reduced which occurs in
most acoustic-absorbing materials as the frequency is decreased. Thus, an impedance equal to the characteristic impedance of air at the back surface of the absorbing layer is
the optimum value for a thin layer and low frequencies. An
impedance of Z 2 5 r c is referred to here as impedancematching condition.
To further validate the above conclusions, the input absorption coefficient for various absorbing materials is computed assuming both impedance-matching and pressurerelease conditions at the back of the absorbing layer. The
absorbing materials selected for this analysis are fiberglass,6
open cell foam,7 Kevlar,7 and sponge rubber,8 all of which
have markedly different acoustic characteristics. Figure 2
shows the absorption coefficient as a function of the frequency for a layer thickness of 0.5 cm. The results show that
the impedance-matching condition leads to better absorption
characteristics than the pressure-release condition at all frequencies except for Kevlar, where the absorption coefficient
is essentially the same for both conditions. Figure 3 shows
the absorption coefficient as a function of the absorbing layer
thickness, l a , for the various materials at a frequency of 300
Hz. The results indicate that there is an optimum thickness,
which differs for the different materials, to obtain high absorption when a pressure-release condition is induced. Thus,
1514
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FIG. 3. Absorption coefficient at 300 Hz as a function of the absorbing layer
thickness, l a , for ~———! impedance-matching and ~---! pressure-release
conditions: j fiberglass, h foam, d sponge rubber, and s Kevlar.

the performance of the sound-absorbing system with an actively induced pressure-release condition at the back of the
absorbing layer is very sensitive to the thickness of the absorbing layer. This fact was also observed by Thenail et al.2
On the other hand, for the impedance-matching condition,
absorption decreases slowly as the thickness, l a , is increased,
i.e., the system is insensitive to the absorbing layer thickness.
Figure 3 also shows that the impedance-matching condition
outperforms the pressure-release condition in most situations, in particular for thin layers.
Based on the previous analysis, a new active system for
sound absorption is proposed which consists of introducing
an impedance-matching condition at the absorbing layer
back surface. This impedance-matching condition is easily
achieved by the sensing and minimization of the reflected
wave within the airspace. The minimization of the reflected
wave in the airspace causes the acoustic impedance along the
airspace ~and at the back of the absorbing layer! to be equal
to the characteristic impedance of air. In practice, the reflected wave in the airspace can be sensed by using a twomicrophone system.3,5
II. NUMERICAL AND EXPERIMENTAL RESULTS

The numerical model described above is used to investigate the performance of the proposed passive/active sound
absorption system. The system investigated is comprised of a
5-cm partially reticulated polyurethane foam layer and an
airspace depth of 10 cm. The density of air r and the speed
of sound c in air are assumed to be 1.21 N.s2/m4 and 343
m/s, respectively. The complex propagation constant, Ga ,
and characteristic impedance, Z a , of the foam were empirically determined.4
The absorption coefficient of the passive system as a
function of the frequency is shown in Fig. 4. The optimum
active wall velocity is computed from Eq. ~3! to minimize B l
and is used to predict the absorption coefficient for the
passive/active system also shown in Fig. 4. As the figure
shows, the minimization of the reflected wave in the airspace
successfully resulted in a high absorption coefficient over the
whole frequency range of interest. Although the absorption
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controller and sent to the control speaker. The sampling rate
for each experiment was four times the operating frequency.
The experimental results for both before and after control cases are also presented in Fig. 4. As shown in the figure,
a high absorption coefficient of 0.8–1.0 is achieved experimentally over the frequency range 100–2000 Hz. At the
lower frequencies, the experimentally obtained absorption
coefficient tends to be lower than the numerical result. The
maximum deviation between the experimental and numerical
results is an absorption coefficient difference of 0.1. This
deviation occurs at the lower frequencies due to a phase mismatch between the two particular microphones used. In spite
of this problem, the absorption coefficient at 100 Hz is increased from 0.28 to 0.91. Overall, a good agreement between the numerical and the experimental results is observed
which validates the proposed approach.
FIG. 4. Absorption coefficient of passive/active system: analytical, --- before and — after control; experimental, 111 before and sss after control.

peaks at 1350 and 2000 Hz achieved by the passive system
were slightly reduced with the introduction of the active
component, overall, a consistent high absorption coefficient
of 0.89–1.0 was achieved throughout the frequency range of
interest. Moreover, the best performance of this hybrid system occurs at frequencies below the first peak of the passive
system, i.e., f ,450 Hz, where improvement is most desirable.
An experimental validation of the proposed passive/
active system was also performed. Due to the onedimensional nature of the model, the experiments performed
were carried out in a standard impedance tube with a 10-cm
diameter and lower and upper frequency limits of 90 and
2000 Hz, respectively. The disturbance source is located at
one end of the impedance tube and the other end of the tube
is terminated with a control speaker. The sound-absorbing
layer, a 5-cm-thick partially reticulated foam, is placed at 10
cm from the control speaker, creating an airspace between
the foam and the control speaker. The absorption coefficient
of the system was measured using the standing wave technique ~SWR!.9 A wave deconvolution circuit first described
by Fahy10 was used to sense the reflected wave in the airspace. This circuit gives a real time domain estimate of the
incident and reflected components of a sound field from the
outputs of two closely spaced identical microphones. The
two microphones used in this experiment were located in the
airspace with a 5-cm spacing between them with the closest
microphone to the sound-absorbing layer at 1.25 cm. The
signals detected by these microphones were fed into the
wave deconvolution circuit where the incident and reflected
waves in the airspace were then separated and the reflected
wave signal processed by a single-channel-filtered X-LMS
controller as the error signal.11 The reference signal was simply tapped from the disturbance. The required control signal
to minimize the reflected wave was then generated by the
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III. CONCLUSIONS

A new passive/active sound absorption system is proposed which consists of a layer of sound-absorbing material
and an airspace terminated by an active wall. The motion of
the wall is used to modify the layer’s back impedance so as
to match the characteristic impedance of air. This is accomplished by sensing and minimizing the reflected wave in the
airspace. The numerical results show high absorption ~0.8–
1.0! over a wide frequency range of 100–2000 Hz. The proposed system is insensitive to the absorbing layer thickness
and airspace depth. An experimental study is also carried out
in an standing wave tube. The very good agreement found
between the numerical and experimental results validates the
new proposed system.
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