Low-frequency absorption using a two-layer system with active
control of input impedance
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Broadband noise absorption, including low frequencies, may be obtained by a hybrid passive—active
two-layer system. A porous layer in front of an air layer provides passive absorption, at medium and
high frequencies. Active control of the input impedance of the two-layer system yields absorption
at low frequencies. The active control system can implement either pressure-release or
impedance-matching conditions. A simple analytical model based upon plane waves propagating in
a tube permits the comparison of both control strategies. The results of this simple model show that
the pressure-release condition affords higher absorption than the impedance-matching condition for
some combinations of geometrical and material parameters. Experimental results corroborate the
good performance of the pressure-release condition under the prescribed geometrical
setup. ©2003 Acoustical Society of AmericdDOI: 10.1121/1.1629306

PACS numbers: 43.55.Ev, 43.50.K(AC] Pages: 3211-3216

I. INTRODUCTION ing to some performance objective and control stratdg)y
) ) ) liott, 2001). Previous papers have discussed active control of
The demand for noise reduction, especially at low fre-5psqrption with different disturbance signals and control
quencies, mot|va_tes mve_stlgatlon using actlve_ control. P_a%trategies. Guickinget al. (1985 applied adjustable elec-
sive control provides noise reduction at medium and highyqnic o afford active impedance or reflection control at the
frequencies with moderate performance-to-cost ratidgnq of 4 standing wave tube. A standing wave separator cal-
whereas active control is capable of canceling low-frequency, ,ated the disturbance sigr(#the incident waveusing mea-

noise. Therefore, active control is a complementary, ratheg ,;ements from two microphones spaced along the tube,

than alternative, technique to passive control of noise. Ayhich was processed by the controller. The controller

brqadband noise problem requires a hybrid passive—activ)%emed purely active absorption below 1000 Hz. Craun
noise cpntrpl SOIU“,O”' . Bustamante and Nelsdi1992 also used a two-microphone
Noise in halls is an example that requires a broadbandysiem 1o calculate a disturbance signal using a feedforward
solution. Absorbers are typically used to decrease reverbergg e control system for impedance matching in front of the
tion, this in turn reduces the reflected component of theqyator. Furstoset al. (1997 demonstrated the superior
acoustic field in rooms. Manufacturers provide materials)arformance of the active absorption system when this is
with moderate thicknesses that have absorption coefficienis, mpined with the passive absorption yielded by a layer of
close to 1 for frequencies above 1 kHz. The first peak in the,norhing material spaced in front of the actuator. A micro-
frequency response of the absorption coefficient can b8h,ne in the air layer provided the disturbance signal for
moved to lower frequencies by including an air gap betweery o feedhack and feedforward controllers. Minimization of
the absorbing layer and the wall. Increasing the thickness o},is gisturbance signabressure-release conditiogave ab-

the air layer will decrease the frequency of the first peakgohiion coefficients above 0.9 at frequencies between 200
Thus, this offers an option of designing fully passive low- 54 900 Hz.

frequency absorbers. This technique, however, has two se- Beyene and Burdissd 997 carried out an experimental

vere shortcomings(1) the two-layer absorber can be 100 omparison between two control conditions on a two-layer
bulky; and(2) the first minimum of the absorption frequency hybrid passive—active absorbing systefi:pressure release,
response is moved towards frequencies where higher absor‘%ich drove the pressure in the air layer to zero, &2\
tion is required. A solgtion to this proplem is to design theimpedance matching, which canceled the upstream wave in
two-layer system to yield high absorption above a few,h”r"[he air layer. To implement the impedance-matching condi-
dred hertz and complement the low-frequency range with agg, 4 wave deconvolution circuit was used, similar to the
a_ctlve system. Lueg alregdy proposed_to constr_uct walls 8Standing wave separator used by Guickatal. (1985, to-
vibrated membranes to silence rooms in 1988 discussed gether with two microphones in the air gap. The experimen-

by Guicking, 1990 _ tal results of Beyene and Burdisso, further corroborated by
In an active system, the controller drives the actuatolgith et al. (1999, showed the superiority of the

with a signal synthesized from the disturbance signal accorq'mpedance-matching condition as compared to the pressure-
release condition on the hybrid passive—active absorption for
dElectronic mail: iacpc24@ia.cetef.csic.es broadband noise. Nevertheless, the authors recognize that a
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Vi is the reflection coefficient, and
:. E' B] Bz B3 Z,
L z=— (€)
vl Zg
“u" , is the input impedance of the system normalized to that of
SRR« NS S ) N the air. The input impedance of this two-layer system is
L (Beyene and Burdisso, 1997
X
Z,coshI',d)+2Z,sinh(T",d)
FIG. 1. Schematic representation of the hybrid two-layer passive—active Z,= aZa cosr(Fad)+Zz sinf‘(l“ad) ) (4

system.
whereZ,, the input impedance to the air layer, assuming a

confirmation of this experimental result would require antime dependence'®!, is (Beyene and Burdisso, 1997

analytical model that includes the physical properties of the

. . . : : : VyZo+ 2B5e'*od cog koD
absorption material. The main goal of this paper is to derive ZZ:ZOVWZO+ 2”33 okod si:(ko D)) i (5)
w0 3 0

such an analytical model. A simple problem of plane waves
propagating in a tube is considered. The passive—active al,, is the particle velocity at the active termination. Equation
sorbing system consists of a layer of porous material sepas) reduces toZ,=—iZ,cotk,D) when V,,=0, the input
rated from an active wall by an air cavity. The semiempiricalimpedance of the air layer for a rigid termination »atd
equations of Allard and Champou%992), instead of those +D, in the following called thepassive caseMechel,

of Delany and Bazley1970, are used to model the propa- 1988.

gation through the absorbing material due to the low-  In order to complete the propagation model for this two-
frequency contents of the noise. The model yields the abtayer system, the acoustical properties of the fibrous layer
sorption coefficient of the system as a function of themust be specified. Empirical and analytical models exist for
geometrical parameters of the systéiricknesses of porous propagation through such materials. For the purpose of this
and air layery a constitutive parameter of the absorbing ma-work, an empirical model affords enough precision and will
terial (flow resistivity), and the frequency. Following Mechel be adopted. Most of the empirical models of propagation in
(1988, expressing these parameters in nondimensional varabsorbing materials give the acoustic impeda#ge,and the
ables offers a clearer comparison of results. When results aggropagation constant]’,, as functions of the nondimen-
presented in such a way it is evident that the pressure-releasgnal parameteE=p,f/R,, wherep, is the density of the
condition can yield an absorption coefficient higher than theair, f is the frequency, an®; is the flow resistivity of the
impedance-matching condition for certain combinations ofmaterial. Much of the literature on passive absorbers refers to

parameters. Experimental confirmation is reported. the work of Delany and Bazley1970. Nevertheless, these
equations are restricted to the range &®E<1, which is
Il. ONE-DIMENSIONAL PLANE-WAVE MODEL insufficient for the low-frequency contents of the noise in-

Figure 1 shows a schematic representation of a hybrid’OI"ed in active control. The empirical equations qf Allard
passive—active two-layer system. A plane wave propagate%nd Champou>(1992) can be used for ang<1 p_rowdmg .
downstream in a one-dimensional meditentube, for in- results similar to those of Delany and.BazIey |n.the valid
stance from a source somewhere on the left. The absorptiorff€duency range. Therefore, the absorbing layer will be char-
system at the end of the tube consists of two layers in fronCterized by the equations of Allard and Champ¢l892

of an active wallthat moves as a piston. The first layer, of 91Ven by

thicknessd, is made of a porous material. An air layer, of Ta=i2afp(F)IK(f), (63)
thicknessD, exists between the porous layer and the active

wall. Let Zy=p, Co and k, be the characteristic acoustic Z,=\p(f)K(f), (6b)
impedance and acoustic wave number of the air, respectivelyyere

The porous layer is characterized by a complex acoustic im-

pedanceZ,, and a complex propagation constdi=a, p(f)=1.2+[-0.036£ >-i0.114£ "2, (78
+ik,, where «, is the attenuation constant akg is the 129.64+[2.82E2+i24.95 112

phase constant. After reflection and transmission at the inter- K(f )=101 320 —— = .
facesx=0, x=d, andx=d+D, downstream and upstream 121.17+[2. 8 *+i24.E 1]
plane-wave fields are generated. The downstream and up- Equationg1)—(7) allow the absorption coefficient of the
stream waves have pressure amplitudg@ndB,, n=1, 2,  hybrid passive—active system to be obtained as a function of
and 3, respectively, as shown in Fig. 1. The absorption coefgeometrical parametershe thicknesses of the two laygrs
ficient at the input of this system is material parameter@he flow resistivity, acoustical param-

(7b)
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FIG. 2. Contour plot of constant passive absorption against nondimension&lG. 3. Contour plot of constant passive—active absorption against nondi-
variablesR andF, for a two-layer system witlD = 2d. mensional variable® andF, for a two-layer system with) =2d using a
pressure-release condition.

eters(the frequency and the control conditiopV,, in Eq. o )
(5)]. Mechel (1988 showed that a better understanding of S€€N by the incident wave can be approximated by the flow
the system can be obtained when the absorption coefficient [§SistanceR; d (Furstost al, 1997. Therefore, maximum
plotted as a contour map of the nondimensional variables absorption can be expected when this flow resistance
(defined ad d/c,) andR (defined aR; d/Z,), wherec, is _matches the acou_stlc |mpe<_jfance of air, as seen in Flg: 3. The
the sound speed in air. Such contour maps will be used in thEnPedance-matching condition, approximatedBas=0 in
following to plot the results of the model. Eq. (5_), requires that the argument of the hyperbollc_ func-
Concerning the control condition, several error sensordions in Eq.(4), T'; d, tends to zerdBeyene and Burdisso,
have been used, both in front of the absorbing layer and i#997- The thinner the porous layer and the lower the flow
the air layer. Beyene and Burdis§b997) and Smithet al. res!stlwty, the closer t_he apprc_»_qmatlon. Thus, active control
(1999 carried out an extensive experimental comparison ofY impedance-matching condition performs better for lower
two control conditions with the error sensor in the air layer:R: Fig. 4. For a better comparison between both conditions,
pressure-release and impedance-matching. In the first caddd- > shows contour maps of the difference of absorption
an active controller drives the total acoustic pressure in th€0€fficients, @, — ain. The solid line represents the zero-
air cavity, measured by a single microphone at the interfac¥@/ue contour &, = ain). Above and to the left of this line,
between the porous layer and the air cavity, to zero. Thigpr €XC€€dSviy, and vice versa, below and right to this line,
implies a zero input impedance of the air lay&=0. Inthe ~ ®im exceedsx,,. The value im— ap,) for lower R is much
second condition, the active wall might alter the input im-higher than the valued,— i) for mediumR.
pedance to the two-layer syster,, to match that of the air,
Z,. Beyene and Burdiss997 demonstrate that when the
acoustic thickness of the absorbing layér, d, tends to ,
zero, this condition can be achieved by driving the reflected 1o’
wave to zero in the air layeB;=0. This happens in most
absorbing materials in the low-frequency range. From Eq.
(5), this condition implies thaZ,=Z,. A wave deconvolu-
tion circuit converted the signals measured by two closely~’
spaced microphones into separate incident and reflecte®.
waves in the air layer. H
Figures 2—4 show contour maps of the absorption coef-* g
ficient of a two-layer system witlb =2d, for the passive
(ap), pressure-releasex(,), and impedance-matching,)
conditions, respectively. Ranges for the nondimensional vari-
ablesF and R were chosen to meet the validity margin of
Allard and Champouxiz=F/R<1. The control of the input
impedance enhances the low frequency absorption for bott 10° 10°
active conditions. In the pressure-release case, the contot. F=fd/c,
lines are pargllel to the thé axis, for F<0.05, with maxi- FIG. 4. Contour plot of constant passive—active absorption against nondi-
mum absorption concentrated arouRer 1. When the acous-  mensjonal variableR andF, for a two-layer system witl = 2d using an
tic pressure in the air layer vanishes, the input impedancenpedance matching condition.
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d=4cm, D=8cm, and R;=12450 N s/, using passive( ),
pressure-releasg\ A), and impedance-matchin@ O) con-
ditions.

FIG. 5. Absorption differencedy,— a;,) of the pressure-release condition
against the impedance-matching condition, for a two-layer system vith
=2d. The thick line corresponds @, = ajn, -

Therefore, the choice of the better active control condi-Of a loudspeaker, a microphonen{), and a controlle(not

tion depends on the particular noise problem to be solvedShown in Fig. 7. Two microphonesm, and m (spaced

For a given absorbing material, impedance matching giVeg'ither 9 or 18 cm apartare used to calculate the absorption

higher absorption with a thinner panel. But, the passive abgoefficient by the transfer function method. According to the

sorption should also be taken into account. Active absorptior(ff)rresp_ondmg international stand_arﬁo 10534-3, both the
dimensions of the tube and the distance between the measur-

should be restricted to low frequency by low-pass filtering. . h defi ting f f 190
the controller. The cutoff frequency should be determined b);ng microphones define an operating frequency range o

. - - : 1715 Hz, for a microphone separation of 9 cm, and 95 to
the first peak of the passive absorption against frequenc ' . . '
st p passiv Py gal a 2357 Hz, for a microphone separation of 18 cm.

curve, which depends on the thickness of the porous layer. Th f ' s | foll First
The thinner the porous layer, the higher the frequency that € sequence ol experiments Is as follows. Frst, a

requires active control. Thus, a better choice could be a twogample of absorbing material having a flow resistance close

; ; to Z, is chosen. Since the speed of sound and density of air
| t th the fl tancl; d, of th 0
ayer sys.em Wi © Tlow Tesistancey ¢, of the porous are assumed to bey =343 m/s ango=1.21 kg/n?, respec-

layer similar to the acoustic impedance of the air, and with . : S B
the first peak of the passive absorption at a sufficiently Iovx}'vely’ the air acoustic |mp9danCQZ§—415 N s/n?r._ A Iz_iyer
f glass wool 3 cm thick with a flow resistivity of

frequency. Figure 6 shows the absorption coefficient againsq , ; . .
frequency of a two-layer system witti=4 cm, D=8 cm, 14000 N s/rfi closely fits this requirement. Then, the thick-

and R,=12450 Ns/fi, for the passive, pressure-release, €SS of the air layer is selected so that the first maximum of

and impedance-matching conditions, respectively. This is anetabsorptlo%—freqqﬁln;)]/ res;;)ofr; ?e of the pafstsr:veltwo—layer
example where active pressure-release control, low-pass fi ySIEm coincides wi € cutoft frequency of the low-pass

tered at 700 Hz combined with passive absorption offers lter of the_ active system,f. _For example, forf,
high-performance hybrid two-layer system. =800 Hz, this corresponds to a thicknéss: 7 cm. The pas-

sive absorption coefficient predicted by the model is com-
pared with that measured in the tube. For passive measure-
ments, a standard test sample hol@eiseparate unit tightly

The model described above predicts higher active abfixed to the end of the tubereplaces the secondary loud-
sorption with the pressure-release condition than with thespeaker. And finally, once the passive system is optimized,
impedance-matching condition when the passive layer hasthe controller is configured to provide maximum active ab-
flow resistance close to the air acoustic impedance. Beyersorption.
and Burdissq1997 and Smithet al. (1999 reported exten- A commercial configurable multichannel controller, us-
sive experimental evidence of the higher performance of théng the Texas Instruments TMS320 C40 DSP, was the kernel
impedance-matching condition for low flow resistance mate-of the active control system. It uses a feedforward strategy to
rials. An experiment was therefore devised to measure thproduce the antinoise signdNelson and Elliott, 1992;
absorption coefficient using the pressure-release conditioHansen and Snyder, 1997t implements both the filtered-x
for comparison with the one predicted by the above model.LMS (adaptive FIR and filtered-u LMS(adaptive IIR algo-

The experiments were carried out in a standard impedrithms (Elliott, 2001), and includes also a signal generator
ance tube with a diameter of 10 cm and a length of 1 m, Figand bandpass filters for the reference, error, and control sig-
7. Aloudspeaker at one end generates the primary noise. Thmls. The user can configure the sampling rate, the number of
passive system, at the opposite end, consists of a poroasror inputs and control outputsnaximum eigh), the type
layer in front of an air layer. The active system is comprisedof control algorithm(filtered-x or filtered-y, the length of

IIl. EXPERIMENTAL SETUP
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FIG. 7. Scheme of the experimental tube showing the
positions of the loudspeakers and the microphones.

Disturbance Porous Control
source layer SGireE /

the control and identification filters, the convergence factorjnputs were low-pass filtered at 800 Hz. The sampling rate
and the low- and high-cutoff frequency of the bandpass filwas set at 4 kHz. Due to the broadband nature of the distur-
ters. For the one-dimensional problem considered in this pabance, IIR filters were used for both the control and identi-
per, a single channel controller was used. fication adaptive algorithms of the controller. In this context,
optimizing the performance of the controller means finding
the best number of forward and backward filter taps, and the
best convergence factors that minimize the error signal. Once

Several experiments were carried out using the systerthe controller was optimized and maximum cancellation was
described above to determine the effectiveness of thebtained, the absorption coefficient was measured again us-
pressure-release condition for the nondimensional variabling the two microphonesn, and m; spaced 18 cm apart.
R=R.d/Zy=~1. The passive system consists of a 3-cm glas$igure 8 shows excellent agreement between the absorption
wool layer with R;=14000 N s/}, in front of a 7-cm air  coefficient predicted by the model and that measured in the
layer. White noise was generated by the primary source axperiment. The active system yields absorption values
one end of the tube. First, the passive absorption curve wagbove 0.95 in the range 90—850 Hz.
measured with the test sample holder at the opposite end Additional experiments with other absorbing materials
using the signals measured by the microphamgesandms, (for example, melamine foangave similar results. There-
shown in Fig. 7. Figure 8 shows that the measured passiviere, these results demonstrate the feasibility of designing
curve matches closely with the theoretical one predicted byybrid passive—active systems with high absorption using
the model, except for small differencéess than 0.0bbe-  the pressure-release condition. Moreover, from an electronic
tween 100 and 300 Hz. The passive system affords high athardware point of view, it is much simpler to implement than
sorption above 800 Hz; thus, the active system should béhe impedance-matching condition.
configured to perform below this frequency.

Next, the passive test sample holder was replaced by the CONCLUSIONS
secondary loudspeaker, and the active controller was opti-

. . . . . . A simple two-layer hybrid passive—active model for
mized for maximum absorption. The same white-noise signal 0 )
. : - lane waves considering both the geometrical and the mate-
used to drive the primary loudspeaker was also utilized a

. . .~ “Tial characteristics of the passive system, allows a better
reference signal for the controller. Microphomg was posi-

. . . . . comparison between the pressure-release and the impedance-
tioned in the air cavity 0.5 cm from the absorbing layer to : ", : . )
i . matching control conditions. While the impedance-matching
provide the error signal. Both the reference and the error o . i, .
condition requires additional electronic hardware to decom-
pose the standing waves into forward and backward plane-
wave components, the pressure-release condition needs to

drive the pressure measured to zero using only one micro-

IV. RESULTS AND DISCUSSION

| phone. Moreover, the pressure-release condition affords
0.3 higher absorption when the flow resistance of the porous
§ ot layer is similar to the acoustic impedance of air. Experimen-
7% 0sl tal data measured in a standard impedance tube under the
8 pressure-release condition validate this prediction. The ab-
§ 05 sorption coefficient afforded by a 3-cm glass wool layer
B 0.4 spaced 7 cm from the secondary loudspeaker is higher than
é osl 0.95 at frequencies between 90 and 850 Hz. The model pre-
dicts better performance of the impedance-matching condi-
0.2y tion for absorbing materials with flow resistance less than
0.4 half of the acoustic impedance of air.
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