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Abstract – Semi-anechoic rooms are used for the acoustic characterisation of noise sources. They involve
heavy infrastructures and thick absorbent lining. The aim of this work is to demonstrate a less expensive
alternative by complementing a thin passive coating with an active technology. Previous work has
achieved the active reduction of the pressure scattered by the reflective wall of a semi-anechoic room, in the
80–200 Hz frequency band. This work validated an innovative approach allowing to control the scattered pres-
sure throughout the measurement volume, using a setup located over its periphery. This paper extends a
previous presentation at Forum Acusticum dealing with the active control of the low-frequency reflections
on the walls and ceiling of a semi-anechoic room [Pinhède et al., Forum Acusticum 2023, Torino, Italy,
11–15 September, 2023, https://doi.org/10.61782/fa.2023.0399]. We describe the design principles and the
2D semi-analytical and 3D finite element simulations of the control system that help optimise parameters such
as the transducers number and locations. A full-scale demonstrator has been built to validate the control strat-
egy. Acoustics measurements, which have been used to characterise the room acoustics and to update the
simulation parameters are also presented and compared to an updated numerical model.

Keywords: Semi-anechoic room, Active noise control, Acoustical measurement, Active anechoicity

1 Introduction

Current standards for the measurement of loudspeaker
drivers or systems require so-called “free field” measurement
conditions, i.e. measurements performed in anechoic or
semi-anechoic rooms [1]. A few standards for determining
the sound power level of noise sources also require such
facilities [2]. To approximate free-field conditions, suitable
facilities involve a large room with a thick lining over the
absorbing walls. Whatever the absorbing material involved,
such a facility cannot be anechoic at very low frequencies: it
is restricted to frequencies above its so-called “cut-off
frequency”, mainly determined by the lining thickness.

Alternatives have been proposed to avoid the cost and
burden of building the large measurement facilities which
would be needed for measurements below 100 Hz: sound
power levels may be estimated using acoustic intensity
measurements [3, 4], and loudspeaker responses may be
performed using near-field and gated measurements [5].
More elaborate methods even aim at estimating the
anechoic 3D radiated field by using a set of pressure

measurements and sound field models allowing to extrapo-
late the measurements [6–8].

Although such estimation methods may be quite
sufficient in some cases, they rely on assumptions which
may not be satisfied in complex or specific radiation situa-
tions and cannot avoid physical phenomenon related to the
interaction between the studied source and the surrounding
walls (acoustic loading, higher order diffraction, etc).
Especially, for laboratory use, actual anechoic rooms are
still preferred – but even the larger ones barely allow to
measure a source at frequencies lower than 60–70 Hz.

This motivated initial work trying to design a low-
frequency anechoic room by using the complementarity
between absorbing material and active control techniques,
which have their best performances at lower frequencies
[9, 10]. This should allow to design hybrid solutions combin-
ing a thin absorbing layer with a set of control sources
driven by a controller which tries to minimise an error
quantity.

Such active control of scattered acoustic fields has
already been studied, mainly to deal with the field scattered
by bodies in water [11] or air [12]. Many authors have since
proposed strategies to deal with scattering control or acous-
tic cloaking, however mostly through simulations [13–17].*Corresponding author: pinhede@lma.cnrs-mrs.fr
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Indeed, the practical design of an active anechoic room
requires to be able to minimise the acoustic field scattered
by the room walls, which is not physically different from
the direct field and cannot thus be directly measured; some
kind of virtual sensing is thus required. It has been shown
that, close to the walls, a single linear operator links the
total acoustic field to the field scattered by these walls,
whatever the direct acoustic field [18]. A preliminary
identification may then allow to estimate experimentally
this operator. When possible, this identification may be
performed by removing the scattering object – but it is
not possible to remove the room walls.

Practical implementation of active anechoicity has
thus been the topic of a long-term research program at
LMA. It started by theoretical work and experiments on
the mock-up of an anechoic room [19–21], followed by a first
full-size experiment of acoustic cloaking of the reflective wall
of a semi-anechoic room in the 80–200 Hz frequency band
[22, 23]. Although the ultimate goal is to build active scatter-
ing control in a large anechoic room at LMA, an intermedi-
ate project has been targeted in 2021: it deals with a small
semi-anechoic room usable by Small and Medium-sized
Enterprises’ (SME) at design stage. The project described
thereafter, named “DADA” (french acronym for “anti-
diffractive acoustic dome”), thus aims at dealing with five
walls covered by a thin passive liner combined with active
scattering control. The resulting facility should be a semi-
anechoic room of relatively small footprint (targeted dimen-
sionsW = 4.5 m; D = 3.65 m; H = 3 m are compatible with
usual buildings) but able to deal with the whole frequency
range of standard measurements. It is depicted by Figure 1.

The present paper was written upon a suggestion to
extend a presentation at the 2023 edition of Forum
Acusticum [24]. Sections 2–4 are therefore taken from this
presentation, with some improvements and more details:
Section 2 recalls the strategy developed for the global active
control of reflections on the walls of a room. Sections 3
and 4 respectively deal with improved 2D and 3D numerical
simulations of the targeted demonstrator. Section 5 pre-
sents the experimental setup which has been built at
LMA; first measurements are then compared to new Finite
Element Modelling (FEM) simulations, after careful tuning
of model parameters to match the experimental conditions
[25]. Section 6 then concludes the paper.

2 A strategy for global active control of
low-frequency wall reflections in a
semi-anechoic room

A strategy was proposed a few years ago for estimating
the acoustic pressure scattered by a surface from measure-
ments of the total pressure in front of that surface
[12, 18, 23]. This strategy makes it possible to envisage
the setup illustrated in Figure 1 for the active control of
undesirable reflections occurring at low frequencies on the
walls and ceiling of a semi-anechoic room: control sources
are placed on the walls and ceiling of a semi-anechoic
room to minimise the acoustic field scattered on a set of

microphones meshing a surface � close to the walls to be
treated. Since �, completed by its symmetric with respect
to the floor, is a closed surface, cancelling the pressure
scattered by the walls on � means that it is cancelled over
the entire interior volume of the room, except in theory at
certain Dirichlet resonance frequencies [26]. As all the trans-
ducers required for active control are located on or close to
the walls, measurements with observation microphones
around the source to be studied can be carried out as in
an ordinary room without active control.

We show below how the pressure scattered on each of
the microphones �, in the presence of an unknown source
placed in the room, can be estimated by linear filtering of
the total pressure measured on all these microphones. Once
the set of minimisation signals accounting for the scattered
field can be computed, open-loop or adaptive (e.g. FxLMS)
control can be implemented as usual with minimisation
microphones.

2.1 The scattered pressure as linear filtering of total
pressure measurements

If G denotes the Green’s function for the Helmholtz
equation of the semi-anechoic room without walls and
ceiling (G is the free half-space Green function if the
floor �0 is perfectly plane and acoustically rigid), the
Green’s representation of the total pressure at any point
in the room can be written at pulsation x, whatever the
source present (see e.g. [27], p. 321):

ptotal r;xð Þ ¼ pdirect þ pscattered ¼

pdirect þ
Z
C

Gðrjr0;xÞ @

@n0
pðr0;xÞ � pðr0;xÞ @

@n0
Gðrjr0;xÞ

� �
dC0:

ð1Þ
The scattered pressure due to the walls is an integral of the
pressure and normal pressure gradient over � with weights
which do not depend on the acoustic sources. It can there-
fore theoretically be calculated from pressure field measure-
ments over � without any knowledge of the acoustic sources
involved.

The integral in equation (1) could indeed be calculated
from discrete measurements over �, provided that a

Figure 1. Principle of a semi-anechoic room with active
technology.
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sufficient number of pressure and pressure gradient mea-
surements are taken on the surface and that the floor allows
the use of the Green’s function of the free half-space. In
practice, however, pressure gradient measurements are dif-
ficult to achieve at low frequencies, and require much more
expensive sensors than ordinary low-cost microphones. This
is why in previous work we conjectured that the scattered
pressure could be expressed as an integral over the pressure
alone. This is notably the case if � behaves as a locally
reacting surface with a specific admittance b, in which case
the pressure gradient in equation (1) can be replaced by a
pressure-dependent term:

@

@n0
p r0;xð Þ ¼ �jkbp r0;xð Þ: ð2Þ

In the general case, it is difficult to determine under which
theoretical conditions the scattered pressure can be
expressed as an integral over pressure alone [18], but in
all the cases studied, and in particular in the simulations
presented below, measurements of pressure alone allowed
a very accurate computation of the scattered pressure.
Discretisation of the pressure integral, with more than
two sensors per wavelength, finally allows to express the
scattered pressure as a function of discrete pressure mea-
surements over �:

psca r;xð Þ �
X
k

gk r;xð Þpk rk;xð Þ: ð3Þ

The scattered pressure at any location in the room can
therefore be estimated through linear filtering of total pres-
sure measurements over the room walls and ceiling.

2.2 Identification of the scattering filters

The scattering filters gk(r) in equation (3) result from a
complex combination of Green’s function, equivalent sur-
face impedances and surface discretisation weights. Fur-
thermore if cheap, non-calibratable microphones are used,
the acoustic pressure required in equation (3) cannot be
accurately derived from the measurement signals. The scat-
tering filters, however, do not depend on the acoustic
sources. A procedure has therefore been developed and val-
idated in a semi-anechoic room to determine the filters to be
applied to pressure signals in order to accurately estimate
the pressure scattered by a given surface, see [23]: a refer-
ence source, with a known free-field radiation pattern, is
placed at several points in the semi-anechoic room. Assum-
ing that the ground is rigid, the source’s direct pressure in
the free half-space can be calculated and substracted from
the total pressure measurements to generate scattered pres-
sure signals. By solving an inverse problem, we then identify
off-line scattering filters that match total pressure measure-
ments to scattered pressure.

2.3 Control of the scattered pressure

As stated above, once the set of minimisation signals
accounting for the scattered field are computed, usual
control algorithms can be implemented for minimisation.

The control strategy [23] consists of minimising the
scattered pressure close to the walls in order to obtain its
cancellation inside the volume. The transfer matrix H is
computed between the secondary sources and the pressure
at the minimisation points At each frequency, the control
vector u, to be supplied to the secondary sources for
control, must minimise the criterion:

J ¼ jjpsca þHujj2: ð4Þ

3 2D numerical simulations

The initial simulation results of the device were carried
out using a semi-analytical model of a 2D room with low-
absorbing walls. 2D representations make it easier than
3D to visualize the number of transducers per wavelength
required for effective active control. A model that requires
very little computing time also makes it easy to optimise
the number and position of transducers. Although the walls
and ceilings of semi-anechoic rooms are absorbent, the focus
here is on very low-frequency reflections for which absorp-
tion is low, and we wish to compare the calculations with
experimental measurements in a room initially devoid of
absorbers, which justifies the use of the model presented
below.

3.1 The room acoustic model

To a first approximation, the low-frequency acoustics of
a cavity with low-absorbing walls can be described using a
series of rigid cavity modes wn with associated modal damp-
ing ratios nn, see e.g. [27], p. 554. The transfer function
between a monopole source with flow rate q at location r0
and the acoustic pressure at location r can then be written
at angular frequency x as:

p r; r0ð Þ ¼ qc2jxq
Xþ1

n¼0

wt
n rð Þwn r0ð Þ

ðx2
n þ 2jnnxnx� x2Þ

Z
V
w2

ndV
ð5Þ

where c is the sound speed. In a 3D parallelepided or 2D
rectangular cavity, the rigid eigenmodes are the usual
products of cosine functions of the space variables. The
damping ratios can be taken as the damping ratios from
the complex mode resulting from the FEM of the room
including wall absoption.

A 4.5 m � 3.65 m � 3 m room with an inner plaster-
board layer has been built at LMA to house and test the
DADA. In order to compute damping ratios, 2D and 3D
FEM has been implemented for a room with these dimen-
sions and with real-valued wall and ceiling impedance
accounting for a 2% absorption at low frequency.

The 2D simulations below take the 83 modes with a
resonance frequency below 500 Hz into account. The first
mode damping ratios are worth about 0.4% and decrease
when frequency increases. Modes involving a pressure
maximum on two walls appear to be more damped than
modes with maxima on the floor and ceiling, which seems
logical.
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3.2 Source model and optimal control

In the simulations below, all the acoustic sources are
considered as monopoles. This makes control perform worse
because the radiating from a real wall-mounted control
source will be closer to the frontwave scattering from the
walls than the one from a theoretical monopole. The acous-
tic field near the walls with monopoles is more complex
than with extended sources, global control is therefore more
difficult to obtain from control at sensors close to the walls
because of near-field effects. In the simulations below
optimal control is derived in the frequency domain through
matrix pseudo-inversion at each frequency, which leads to
better results than could be achieved with real-time control
of the scattered pressure in the case of a wide band primary
source. The scattering filters are also derived by pseudo-
inversion of the acoustic data generated by the reference
source.

3.3 2D simulation results

Figure 2 shows one of the 2D configurations studied:
11 wall-mounted control sources are used to cancel out
the scattered pressure at 18 microphones close to the walls
(in front of the absorber wedges in a real room).

The scattered pressure at each microphone is estimated
by linear filtering of the total pressure at all microphones.
The linear filters are calculated by solving an inverse prob-
lem generated by moving a reference source, whose free-field
radiation pattern is known, to 12 locations meshing one-
ninth of the room surface. Figure 3 presents the singular
values of matrix whose pseudo-inversion gives the scatter-
ing filters. The matrix condition number is fearly reasonable
and do not require a complex regularization scheme.

Slightly irregular microphone positions have been
chosen, in order to avoid the singular frequencies that
may appear when implementing active control on a closed
surface: the cancellation of pressure on a regular surface
does not guarantee its cancellation inside the encolsed
volume at the resonance frequencies of the associated
Dirichlet problem [26]. Three hundred and fifty two addi-
tional measurements points meshing one center quarter of
the room were considered to assess the control performance
in the measurement zone of interest.

The curves of Figure 4 correspond to the ratio
(expressed in dB) between the total pressure with and
without control and the direct pressure computed in free
half-space. The 0 dB value should thus correspond to a
semi-anechoic situation and deviations from 0 dB illustrate
the effect of the actual boundary conditions. The horizontal
dashed lines at ±2.5 dB represent the admissible deviations
from the theoretical decay (inverse square law) according to
ISO 3745 standard [2].

The results presented are calculated from the Root-
Mean-Square (RMS) value over 352 assessment points
when a primary source with flow rate q0 = 10�4 m2/s is
placed at the center of the room floor. The total primary
pressure has large fluctuations, following the room reso-
nances, instead of the smooth pressure response expected

in free half-space. Scattering control leads to a large reduc-
tion of these undesirable fluctuations, both when the exact
scattered pressure or the estimated one from total pressure
measurements is minimised on microphones close to walls.
Notably, the results obtained with scattering control are
within the admissible deviations up to 350 Hz.

The 2D simulations presented in this section helped to
validate the principle of identifying scattering filters. They
also showed that the control of the scattered field in the
vicinity of the walls leads to control the scattered field in
the measurement zone at the centre of the semi-anechoic
room. Such 2D simulations also make it possible to quickly
test the effect of changes in the general organisation of the
control setup and provide information on the density of

Figure 2. The DADA 2D simulation setup: monopole primary
source j, control sources j, reference source locations j, total
pressure measurement and scattered pressure minimisation
points o, assessment points o.

Figure 3. Singular values of the matrix used to estimate the
scattered pressure.
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transducers to be used as a function of frequency for global
control. However, full 3D calculations, taking into account
the frequency-dependent wall absorption and the finite size
of the sources, are needed to determine the experimental
setup to be effectively tested in practice. Such 3D simula-
tions were therefore carried out using a FEM model and
are presented below.

4 3D numerical simulations

The following 3D simulations are performed using
COMSOL Multiphysics� 5.6 and connected to MATLAB�

control simulations through the LiveLink for MATLAB�

extension. This software combination allows a great flexibil-
ity for the simulation of the different steps involved in scat-
tering control, at the price of somewhat long computation
times – it is thus not convenient for parametric studies,
most of which were conducted using the 2D semi-analytical
model.

4.1 Simulated configuration

The targeted room is modelled as a rectangular block of
dimension 4.5 � 3.65 � 3 m3. An impedance condition of
8.104 Pa.s/m is applied to all walls. The floor is modelled
as an acoustically hard boundary. The mesh is controlled
by the physics of the model taking into account the maxi-
mum wavelength of the simulation. The simulations are
performed over 20–200 Hz frequency range in 1 Hz steps.
The computation time required to solve the model, which
includes 32,000 domain elements, is around 1500 s on a
desktop computer for 181 frequency steps.

Figure 5a shows the modelled room and the positions of
the 62 minimisation points uniformly distributed over a
closed surface surrounding the control volume. Before
simulating scattering control, a preliminary identification
phase requires the calculation of all transfer function

between the minimisation points and the identification
sources located in the control volume shown in Figure 5b.

4.2 Preliminary identification of the scattering filter

This preliminary step is needed in order to estimate the
operator linking the total and scattered pressures at the
minimisation microphone locations. For this estimation,
identification sources distributed in the measurement
volume are modelled as monopoles with flow rate q0 =
10�4 m3/s.

Direct pressures pdir are then computed at each identifi-
cation microphone (MicID) position, by considering the
radiation of the monopole in a half-space closed by a
Perfectly-Matched Layer (PML), see Figure 6. The total
pressures ptot are calculated the same way but in the rectan-
gular room with boundary specific impedance condition of
198qc which leads to 2% absorption applied to all walls,
see Figure 7.

Both computations (pdir in free half-space and ptot in the
room) are done iteratively for each identification source
(SourceID), with identification positions identical to the
minimisation positions. This allows to deduce the exact
scattered pressures psca = ptot � pdir at the minimisation
positions.

A matrix relation may thus be defined between the scat-
tered pressure psca and the (measured) total pressure ptot at
the minimisation points. The identification of this so-called
“scattering filter” is obtained by solving the inverse problem
using the data set of scattered and total pressures generated
with the 72 identification sources, see details in [23]. This
inverse problem is over-determined and thus do not require
any significant regularization.

4.3 Control configuration and results

Scattering control may then be simulated, by minimis-
ing the scattered pressure psca at the 62 positions, located
close to the walls, used to estimate the scattering filter. This
microphone number results from 2D simulations, which also
lead to use 54 control sources distributed over the 5 walls
(except the floor). The frequency response functions
(FRF) between the control sources and all the microphones
are then computed by applying successively to each source
an acceleration a = jxq0/S where S = 0.0133 m2 is the
surface area of each piston.

When the responses of all control sources and of the
primary source (to be measured) have been estimated, opti-
mal control may be computed in order to minimise the esti-
mated scattered pressure on the microphone set used
previously for the identification of the scattering filter: At
each frequency, the u commands obtained from equation
(4) are supplied to the control sources modelled as plane
pistons positioned over the walls of the room, see Figure 8.

Thanks to the 3D FEM model, individual responses of
the primary and control sources may be combined with
the weighting computed for optimal scattering control,
allowing to visualise the resulting pressure everywhere
inside the room and over its walls.

Figure 4. RMS at the 352 assessment points of the total
pressure normalized by the direct pressure.
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4.3.1 Local pressures

As a first illustration, we present curves for an identifi-
cation microphone and a primary source. Two cases are
shown: the first one involves primary source SourceID 12
and pressure on microphone MicD 1; the second case

involves primary source SourceID 30 and microphone
MicD 8. Figure 9 shows the pressure levels between 20 Hz
and 200 Hz with and without control for these two
examples.

Figure 9 shows pressures estimated with control min-
imising either the exact (label “Pon exact”) or the estimated
(label “Pon estimated”) scattered pressure. Among the
curves, Pdir corresponds to the radiation from the primary
source in a half-space closed by a PML and Ptot and Pscat

correspond to the radiations from the primary source in
the room with specific impedance conditions at the bound-
aries (cf. Sect. 4.2).

Without surprise, the total pressure Ptot is dominated
by the modal behaviour of the room, showing peaks and
dips corresponding respectively to the pressure resonances
and nodes at the observation point. Note that the total
pressure field is dominated by the scattered pressure field.
Conversely, the controlled pressure is close to the direct
pressure with attenuations up to 30 dB around certain
room modes.

In addition, the identification of the scattering filter
from simulated results is quite correct: the control results
using either the exact or the estimated scattered pressure
are almost equivalent. The simulated control is effective

Figure 5. The 3D simulation setup, (a) Location of the 62 minimisation points, (b) Location of the 72 identification sources.

Figure 6. Radiation of a monopole in a half-space.

Figure 7. Source (number 12, 30) and microphone (number 1,
8) identification positions.

Figure 8. Positions of control sources.
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up to 180 Hz. Figure 9b however shows a specific situation
for which the results of the control exhibits a very marked
dip around 120 Hz. The loss of controllability at this
frequency could be due to the particular arrangement of
the transducers. This may be an irregular frequency at
which control of the pressure at surface mapped by micro-
phones does not allow full control inside the surface. This
issue is currently under investigation.

4.3.2 Pressures on the walls

The 3D model also allows to display pressure maps on
the room walls, illustrating the effect of control sources.
The case studied here is identical to the previous one for pri-
mary source SourceID 30, located at position X = 2.4 m,
Y = 1.58 m, Z = 1.35 m. For this second set of simulations,
only the exact scattered pressure is used when computing
control commands. Results are presented at a few frequen-
cies: 38 Hz, 69 Hz, 101 Hz, 120 Hz, 125 Hz, 186 Hz. High
pressures are shown in red and pressure nodes in blue.

Figure 10 shows the total pressure distribution over the
room walls, without control. The expected modal shape for
the room modes are (1, 0, 0), (1, 0, 1), (1, 0, 2), and (1, 3, 2)
respectively at frequencies 38 Hz, 69 Hz, 101 Hz, 120 Hz,
186 Hz. These modes correspond to peaks seen in Figure 9a.
At 125 Hz, the total pressure distribution does not corre-
spond to a modal shape see Figure 10e and is located in a
pressure node see Figure 9a.

Figure 11 shows the same pressure distributions with
scattering control: the pressure distribution is significantly
altered and the room’s natural modes are no longer distin-
guishable. The average pressure level is significantly
reduced on the walls, especially on the floor, except at
186 Hz where it is higher on all walls, see Figure 11f: this
frequency seems to high to be controlled with the setup con-
sidered here.

When scattering control is effective, the pressure is
reduced in average over the walls, but it is quite high in
the vicinity of the control sources, where their nearfield
dominates the room modes. This shows that minimisation
microphones should not be placed close to the control
sources, otherwise a bias would result from this near-field
pressure.

Examining the distribution of commands delivered to
the control sources show that they depend on the shape
of the mode to be attenuated. The amplitude of the control
source levels also varies with frequency, and these levels are
very high at 69 Hz and 186 Hz. The regular placement of
the control sources might not allow specific modes to be
controlled efficiently.

4.3.3 Pressure inside the room

Figure 12 presents slice plots showing how pressure is
distributed inside the room with scattering control, for
the same configuration as in the previous section. Surfaces
are in the XZ and YZ planes of the primary source, the posi-
tion of which appears as a red spot near the center of the
slice. The total sound pressure tends towards the free field
response of the primary source in a large volume around
it. Conversely, high pressure levels are seen close to the
walls, because of the near-field radiation of control sources.

These maps also show how the commands applied to the
control sources depends on the shape of the room modes to
be controlled. Especially, control of the scattered pressure
at frequencies 69 Hz, 101 Hz and 186 Hz (Figs. 12b, 12c,
and 12f) lead to high amplitudes of the control sources.
However the control performances are different for these
three frequencies: scattered pressure is significantly
minimised at 69 Hz but less at 101 Hz, while at 186 Hz
the control diverges. The symmetrical arrangement of the
control sources could again explain the lack of efficiency
for controlling this mode shape: the control sources are
located on the pressure nodes at 101 Hz, see Figure 10c.
At 186 Hz, the modal structure is more complex, and the
small number of control sources and their non-optimised
positions seem to be insufficient for effective control.

Globally, the above results show that the simulated
control is quite satisfactory up to 120 Hz, and still interest-
ing up to 180 Hz. These results also demonstrate that con-
trolling the scattered pressure close to the walls results in its
cancellation inside the volume of the room.

The 3D modelling developed for the room allows us to
observe the behaviour of the control sources on the wall
and the extension of the controlled zone inside the volume
of the room. It also shows how the contribution of the

Figure 9. Sound pressure level with and without control (a) on microphone MicD 1 for the primary source SourceID 30, (b) on
microphone MicD 8 for the primary source SourceID 12.

C. Pinhède et al.: Acta Acustica 2024, 8, 56 7



Figure 10. Total pressure distribution on the surfaces of the room without control at frequencies (a) 38 Hz, (b) 69 Hz, (c) 101 Hz,
(d) 120 Hz, (e) 125 Hz, (f) 186 Hz.

Figure 11. Total pressure distribution on the surfaces of the room with control at frequencies (a) 38 Hz, (b) 69 Hz, (c) 101 Hz,
(d) 120 Hz, (e) 125 Hz, (f) 186 Hz.
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control sources depends on the shape of the room modes to
be controlled. This might be the basis of an optimization
procedure to chose better locations for the transducers, per-
haps allowing a more even control up to 180 Hz. This would
however require a huge computation time and is beyond the
scope of the present work.

5 Building of full-scale demonstrator

An experimental setup would be needed to validate the
above simulations. This is however not a simple step, as
such a demonstrator was not planned in the building. We
could find a large enough free space potentially available
for a long period, but not with the dimensions targeted

nitially – which were used for the above simulations. We
had therefore to change slightly the dimensions of the
experimental setup, especially the intended ceiling height.
Even if this might prove slightly less suited for an actual
laboratory facility, it was considered as a good way to check
many aspects of the principle of scattering control.

A test room was therefore built at the LMA to install
and test the principle illustrated by Figure 1. This room,
measuring 5.32 � 4.21 � 2.75 m, was made of double
layered plasterboard (2 � 13 mm) lined with glass wool,

Figure 12. Total pressure distribution with control on transverse surfaces in the XZ and YZ planes of the primary source at (a) 38
Hz, (b) 69 Hz, (c) 101 Hz, (d) 120 Hz, (e) 125 Hz, (f) 186 Hz.

Figure 14. An source-microphone acoustic frequency response
function in the demonstrator room.

Figure 13. The demonstrator DADA.
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standing on a thick concrete floor which is part of the
building foundations. The only aperture is a double door
made from solid wood with its frame fitted with seals. All
surfaces were painted to improve insulation, leading to a
very quiet facility with low absorption. When empty, it
should therefore be very close to a rigid-walled rectangular
room.

A truss structure has been installed, allowing to install
control loudspeakers and microphones at almost arbitrary
locations on the walls and the ceiling. They were at first
positioned more or less randomly, following the guidelines
resulting from 2D simulations. Figure 13 shows the demon-
strator during transducers installation. The truss structure
is also designed to support, in the future, panels of absor-
bent material.

A two-loudspeaker reference source, built at LMA, was
used for a first acoustic characterisation of this demonstra-
tor. It allows to estimate the instantaneous flow-rate from a
pressure measurement inside the source. A dual-monopole
model of this source has also been developed and validated
through measurements in an anechoic room, allowing to
estimate the direct field acoustic pressure at any location
in the room [28].

For a first measurement, this source was located as close
as possible to one room corner and a microphone (PCB
model 376A32) was located at the opposite room. The
distance between the source and microphone was 5.6 m.
20–400 Hz swept sines were sent to the reference source in
order to obtain, following [29], the FRF between the source
flow-rate and the microphone.

This initial measurement with no absorbent material has
been used to update the 3D simulation model, both to take
into account the actual dimensions of the room and to iden-
tify the unavoidable sources of absorption of the setup.
Indeed, the measured FRF appeared to be quite different
from the FRF computed using the 3D finite element model,
including a uniform 2% wall absorption, used for the control
simulations shown in the previous section. An update of the
model parameters was therefore performed in order to pro-
vide a more representative model of the experimental
facility.

Figure 14 compares the FRF obtained experimentally
with the simulated one, over the 20 Hz to 140 Hz frequency
range, with 0.125 Hz steps. The FEMmodel used the actual
room dimensions and the absorption coefficients given in
Table 1, estimated for a reasonable fit between the two
curves. The associated wall impedances were taken as purely
resistive for the computations. It was found that using
separate absorption coefficients for a few frequency bands
and for the door, walls and floor gave satisfactory results.

Figure 14 shows that the resonance and anti-resonance
frequencies of the FRFs are in reasonable agreement as well
as the responses levels. The absorption coefficients of the
updated model are much higher than expected with plaster-
board, particularly at very low frequencies. Vibration of the
thin walls is probably a large source of absorption for low-
frequency noise in the room. The finite element model how-
ever seems now suitable for optimising the configuration of
the active scattering control setup.

6 Conclusion

The 2D semi-analytical model presented in Section 3
has shown that global control of the low-frequency wall
reflections was possible with loudspeakers and microphones
close to the walls. The miminisation signals accounting for
the scattered pressure are obtained by linear filtering of the
total pressure signals. The required filters can be identified
from off-line measurements with a reference source whose
free-field radiation is known. The 2D model is also a useful
calculation tool for the preliminary design of a future
installation.

The 3D FEM model presented in Section 4 allows a
more accurate and realistic simulation of the room and
the control sources. It confirms the efficiency of the control
strategy. It will be useful for the fine tuning of the trans-
ducer locations, especially as it allows to detect potential
misplacement of transducers, likely to prevent the efficient
control of some specific modes. The complexity of the
current software combination does however not allow an
automatic process for the design of the setup.

An experimental room has been built at LMA for full-
scale validation of the control strategy. Preliminary mea-
surements using an existing reference source, allowed to
characterise the room acoustics and to update the 3D finite
element model. Indeed, an adjustment of the wall absorp-
tion was required to achieve realistic simulations. With this
adjustment, the 3D finite element model produced calcu-
lated frequency response functions very similar to those
measured in the actual room.

This work illustrated the interest of developing a digital
twin of the planned facility – but also the difficulty to
obtain a good match with the actual behaviour of the room,
and the high CPU cost required for a realistic simulation.
This emphasize the need to fully validate each step of the
setup design before attempting the next one.

Ongoing work involves exhaustive measurements of the
experimental setup without absorbing material fitted on the
wall. Although not a realistic use of the room, this step

Table 1. Sound absorption coefficients for the demonstrator room.

1/3 oct. band center frequency

31.5 Hz 63 Hz 125 Hz 250 Hz

Plasterboard (12 mm (1/200) paneling on studs) 0.29 0.29 0.29 0.1
Door 0.1 0.1 0.1 0.07
Concrete (painted) 0.01 0.01 0.01 0.01
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should allow to detect potential problems related to the
building (i.e. parasitic sources of absorption) and to fine
tune the 3D FEMmodel. This might result in a good match
between responses, even at locations close to the walls. Con-
trol experiments, initially in open loop, will also be carried
out in the near future after optimisation of the transducer
positions using the 3D model.

A last step should be carried out after fitting absorbing
material over the 5 walls, using the truss structure to leave
a plenum behind a thin absorbing layer. This configuration,
closer to the final realisation expected for an actual facility,
should allow to assess the complementarity of the hybrid
(passive/active) configuration over a wide frequency range.
Much work is however needed, especially as it will probably
require a more sophisticated 3D model.
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