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ABSTRACT

The use of an anechoic room for characterizing low fre-
quency loudspeakers is a classical solution but it is not suf-
ficient especially below the cut-off frequency of the room.
The goal of the present study is to combine passive and
active reduction techniques in order to control the field
diffracted by the walls at low frequencies using active tech-
niques. As a first full-scale test this study is dedicated
to the experimental validation of an active control method
used to reproduce, in a semi-anechoic room, free field con-
ditions, that is without reflections from the walls. The main
point is that the diffracted pressure cannot be directly mea-
sured. A strategy is developed to obtain this pressure from
measurements of total pressure on a surface surrounding
the source to be characterized. Active control techniques
are then used to drive an array of actuators to minimize
the estimated diffracted field. Therefore the active con-
trol method includes two steps. The first one, off-line,
consists in identifying an approximation of the operator
which relates the diffracted pressure to the measured total
pressures. The second one is the control of the estimated
diffracted pressure.

1. INTRODUCTION

An accurate characterization of an acoustic source requires
free field conditions. To obtain these conditions many tech-
niques are used like passive resonators, active absorbents
[1-3], Field separation Method (FSM) [4, 5] or others [6].
A classical choice is to use an anechoic room [7]. How-
ever the thickness of the lining limits the anechoicity at
lower frequencies because of the sound reflection due to
the walls.

Our long-term project is to realize a hybrid passive/active
anechoic room by combining passive absorbing material
with an active control technique [8—12].

An anechoic room aims at minimizing the pressure
diffracted by the walls and the main difficulty is that this
diffracted pressure cannot be directly measured. Here the
strategy is based on the use of an operator which links the
diffracted pressure to the total pressures measured on an
array of microphones. Some works in 3D were previously
developed [13—16]. The test-case presented here is a semi-
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anechoic room with control of the pressure diffracted by
the rigid wall over the frequency range 40 — 200 Hz, see
Fig. 1.

The method involves two steps. The first one is to esti-
mate the diffracted pressure using an array of microphones
located near the reflecting wall and the second one is to
cancel this pressure by control sources fixed on the wall.

2. THEORY

An approach for active anechoicity [10] consists in can-
celling the pressure diffracted by the walls when a primary
source is being measured inside a room. Here for practical
reasons it was chosen to apply this approach to a semi-
anechoic room although this case does not follow the the-
oretical assumptions of [10]. The example is illustrated by
Fig. 1, where a source S is characterized from a pressure
measurements at a point M in the semi-anechoic room.
The goal is therefore to minimize the diffracted pressure
at point M in order to measure only the incident pressure
radiated by the source.
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Figure 1. The geometry of the problem

The method for active control of the diffracted pressure
is split in two steps. First, the identification of the
diffracted pressure is carried out with an array Pr of
NT microphones P; located on the surface I', named
“identification microphones”. Second, the active control
drives an array of N control sources V} located on the
wall.
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The main difficulty lies in the cancellation of the
diffracted pressure which cannot be directly measured. As
shown in reference [10], an operator H can be used to re-
late the diffracted pressure at a point M inside the volume
) to the total pressures measured at points Pr. For a source
S inside the volume 2, the diffracted pressure at M, for
each frequency, can be written as :

Paif(S, M)

Z ptot S P

where pio: is the total pressure measured at micro-
phones P;.

H(P;, M) ey

The identification of the operator # is based on the use
of a reference source S whose radiation pattern is known.
The method is briefly exposed here, more details can be
found in [10].

As the operator H does not depend on the source, it can
be obtained by minimizing a linear system Eqn. (2) for a
set of N positions - inside the volume €2 - of the reference
source S:

NH
F(3,M) =" | pair(85. M) =" proa(S;, P)) H(Pi, M) |
j=1 =

@)

where pgiy(Sj, M) is obtained as the difference

between the total pressure measured at point M and the

incident pressure pinc(S i, M) which is deduced from the
known radiation pattern of the reference source S.

At the control step the commands U to be sent to the
control sources V}, are obtained by minimizing the follow-
ing expression:

NC

| i (5. M) + 37 ColVies M) u(Vi) |
k=1

3
where C} is the transfer matrix between the sources Vj,

and the point M. The diffracted pressure pg, (.S, M) is

deduced from the estimation of 7 at the previous step:

pdzf S M

Zptot S P

where A is the solution obtained from Eqn. (2).

H(Pi, M) “

3. DESCRIPTION OF THE EXPERIMENT

The experiment is carried out in the semi-anechoic room
of the Laboratoire de Mécanique et d’ Acoustique (LMA)
in which the reflecting wall is vertical, see Fig. 2.

The other five walls are covered with rockwool wedges
to ensure a 80 Hz cut-off frequency,excepting the floor
which wedges are also covered with a metallic grating
which can change their acoustic behavior. For this
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Figure 2. A view of the experiment

experiment, the reflecting wall is equipped with control
sources and a set of identification microphones is located
in a plane parallel to the rigid wall. The source to be
characterized and some observation microphones are
located in the measurement volume of the semi-anechoic
room.

Fig. 3 presents a 3D sketch of the experiment, in a
(O,x,y, z) rectangular coordinate system. The dimen-
sions, in meter, are L, = 9.15m, L, = 4.6m and L, =
4.05m. The reflecting wall is vertical and corresponds to
x = 0. The experimental setup features 9 control sources
Vi represented by grey squares and fixed on the reflecting
wall at a mean distance of z = 0.15 m from it and at 3
heights z = 0.8m; 2.1m; 3.5m. A rectangular array Pr is
made of 16 identification microphones represented by red
crosses. It is located in a plane parallel to the wall at a
distance of 1.2m from it. In order to check the efficiency
of the control, 7 observation microphones ), represented
by blue crosses are located on a line inside the volume 2.
The source S to be characterized is represented by a green
circle and located at x = 5.35m, y = 2.98m, z = 2.15m.

Tab. 1 summarizes the distances d,, and ds : The first
one is the distance between the observation microphones
Q¢ and the surface I' ; the second one is the distance be-
tween observation microphones and the source S.

Microphones | (1 Q4 Q7
dw(T, Q) 1.36 | 3.25 | 5.53
ds(S,Qy) 277 | 1.11 | 1.93

Table 1. Distances in meters d,, and d.

In order to estimate the diffraction operator 7, the ref-
erence source is moved at 32 positions S'j regularly spaced
inside a rectangular volume. Their coordinates are given
by Table 2.

All measurements are carried out from 40 Hz to 200 Hz,
although the cut-off frequency of the anechoic room and
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Figure 3. 3D sketch of the experiment - source S (()),
secondary sources Vj, (L), identification microphones Pr
(x), observation microphones Qi (+)

x| 2.14 [ 376 | 5.36 | 7.0
y | 12 | 327
2| 1.14 | 164 | 2.14 | 2.64

Table 2. Coordinates in meters of the source positions S;

the spatial density of the sensors and actuators imply dif-
ferent lower and upper limits : The classical rule requiring
of two samples per wavelength leads to an upper limit of
130 Hz, following the identification microphones spacing,
and 110 Hz following the control sources spacing. As a
consequence, the frequency range of the active control of
the diffracted pressure is expected to be about 80-110 Hz.

4. STRATEGY OF CONTROL : SIMULATIONS

Numerical simulations were conducted using a custom
software (named FELIN) based on the Boundary Element
Method (BEM). The configuration used for the numerical
simulations corresponds to the geometry of the room used
for the experiment. The computations were carried out in
the 40-200 Hz frequency band. Therefore the maximum
dimension of the room is of the order of 5.4 wavelengths.
For the sake of simplicity, the acoustic behaviour of the
walls is described by a localised boundary condition (re-
duced normal admittance (). The reflecting wall is de-
scribed by a small admittance value 3 = 1072 + i 1073
and the absorbing walls by 8 = 1 + ¢ 0. These values are
uniform on each wall and kept constant over the whole fre-
quency band. In the simulations, all sources are assumed to
be ideal monopole sources with prescribed volume veloc-
ity. Their positions are supposed to represent the acoustic
centres of the actual sources used for the experiment.

Fig. 4 represents the geometry for the simula-
tion. The set Mg includes 54 control microphones
M, located in €2 ; they are used to compute the
commands for the active control. They are equally
spaced inside a rectangular volume defined by

10.48465/fa.2020.0348

1303

dm < z < 6m;2m < y < 3m;1.om < z < 2.8m.
The sets Qrine and @ pigne correspond to observa-
tion microphones inside (2, used to check the effi-
ciency of the control. The 119 points of @ pigne are
equally spaced in a plane horizontal array defined by
1.8m <2 <72m;1.2m <y < 3.3m;z = 1.8m.
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Figure 4. Geometry for simulations - source S (()), sec-
ondary sources V}, (L), identification microphones Pr (%),
control microphones Mg ({), observation microphones
QPplane (@), observation microphones Q 1,;ne (+)

4.1 Control on )M, with the exact diffracted pressure

Now, the control is used to minimize the exact diffracted
pressure over the Mq set. The resulting pressures are
observed on the Qr,;ne and Q piane sets.

Fig. 5 and Fig. 6 present levels (in dB) obtained at 95
and 125 Hz with control off and on respectively. At each
point, the levels represent the difference between the to-
tal pressure and the incident pressure, for the point source
S. The coloured lines map the results on @Qpjgne. The
coloured diamonds numbered from 1 to 7 correspond to
QLine superimposed over the map, although they are not
in the @ pjqne plane. On the left-hand side of each map,
the vertical line of the four diamonds indicates the level
computed at each identification microphones Pr. Each di-
amond divided into 4 parts corresponds to a vertical line of
4 microphones. Green levels (between 1.5 dB) mean that
the diffracted pressure is small or efficiently controlled.
When control is off, the map points out the effect of the
boundaries. Especially, significant differences between the
incident and total pressures can be seen close to the reflect-
ing wall. These differences are observed over a large part
of the measuring area, especially at 125 Hz.

When control is on, most of the observation points be-
long to a green area. The best results are obtained at 125
Hz for which the control is quite efficient for all abscissas
larger than 2.3 m. These results show that control on Mg
does lead to correct results on Q1 and Q pjqne although
Q@ piane extends outside the boundaries of Mg,. Exception
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Figure 5. Level without control observed on Qp;,. and
Q piane at - (a) 95 Hz, (b) 125 Hz

must be noticed for the area close to the reflecting wall
where the difference in levels goes above 6 dB.
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Figure 6. Control on Mg observed on Qe and @ prane
at - (a) 95 Hz, (b) 125 Hz

A global diffraction control in €2 seems thus achiev-
able, but it requires a large number of control microphones
within the measuring volume. More simulations using a
lower number of microphones showed that this number
may indeed be reduced but satisfying performances any-
way requires a repartition of microphones inside {2, which
is not suitable in practice.

4.2 Control on Pr with the exact diffracted pressure

Here the Pr set is also used as control microphones.

Fig. 7 shows that the control on Pr is almost as efficient
as the control on Mgq. The diffracted pressure is reduced
even at locations far from I'. At these frequencies, the
density of microphones seems to be sufficient, which is
consistent with a minimum spacing of a half-wavelength.
Furthermore the increase of the pressure in the vicinity of
the reflective wall is smaller than in Fig. 6.
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Figure 7. Control on Pr observed on Qr;ne and Q prane
at - (a) 95 Hz, (b) 125 Hz

More simulations presented in [12, 17] show that the
results of control obtained with the estimated diffracted
pressure are quite similar to those obtained with the exact
diffracted pressure. They show that the estimation of the
diffraction operator does not require a high accuracy, at
least as far as the radiation pattern of the reference source
is correctly described. This is an encouraging preliminary
result as it would validate the control of diffraction using
a single layer of pressure measurements on I'.

The aim here was to carry out a first full-scale exper-
iment in order to assess the efficiency of the control in a
realistic situation. The previous simulations validate the
configuration minimizing the diffracted pressure over the
same set Pr as the one used to estimate the diffraction op-
erator H. This is a good point as such a configuration leads
to a relatively simple experimental set-up.

5. EXPERIMENTAL RESULTS

The experiment is based on two sets of microphones,
that is Pr for both identification and control steps and
QLine used to check the efficiency of the control. The
corresponding geometry is presented in Fig. 3.

This experiment is based on the use of a low-frequency
omnidirectional compact source. It was designed and
made at LMA and equipped with an internal microphone
in order to estimate the flow inside the source. This source
is assumed to be a sphere which radius is small compared
to the distance r between the source and the measurement
point. With the time dependency e*“*, the acoustic pres-
sure in free field at a point M can be written as:
pron eflk:'r(&M)
dr r(S, M)

where Qs is the flow, w the angular frequency, k the
wave number and pg the density of the air. The details of
the source model are described in [12, 18].

pinc(Sa M) =

&)
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For practical reasons, the same source was used at the
S; set of positions for the identification step, in order to
identify the filter matrix H, and then used again as the
“unknown” source S to be characterized. The matrix H
defined by

Hy, = H(Py, P)) forkand £ = 1,..., N¥

is obtained by minimizing Eqn. (2) with F/(S;, P;) for
j=1to N¥ andi=1to NT

5.1 Method

The experiment of the active control of the diffracted field
on the surface I is split into 2 steps. The identification step
requires the following terms: pyo; (5’ i, P;) and pg; (5’ iy Py)
; NI = 32 positions Sj were used in order to improve the
process. The total pressures were directly measured. The
second ones were deduced as the difference between the
total pressure and the incident pressure pmc(gj, P;) which
was estimated from the measurement of the reference
pressure at the microphone located inside the source,
following Eqn. (5).

For the control step, all transfer functions C;(Vy, P;)
were first measured. Then the total pressures p:o: (.S, P;)
were measured in order to compute the diffracted pressures
(to be minimized) pgif(S,PZ-) obtained from Eqn. (4).
Finally the source commands u(Vy) were obtained by
minimizing the cost function at the locations Pr, following
Eqn. (3).

The pressure radiated by the S source was measured
at all microphones with the active control off and on. A
sine sweep signal was used at the identification step and
for the measurement of the transfer functions C;(Vy, P;)
and C¢(V}, Q). During the control step, the commands
were then calculated, for several frequencies, according to
Eqn. (3). At each frequency, the measurements with active
control were carried out in real-time, the signals of the ref-
erence and control sources were sine signals. In addition,
an estimation of the control at each (), was computed by
combining measurement and computation according to the
following equation :

9
D5 (S, Q) = Diot (S, Qo) + > Ci(Vi, Qo)u(Vi)  (6)

k=1

where p;.; is the total pressure measured without con-
trol and the elements Cy(Vj, Q¢) correspond to the mea-
sured transfer functions between Vj, and Q.

5.2 Results

The measurement results are presented with control off and
on. They are plotted as levels function of frequency, in a
way similar to the one recommended by the ISO 3745 stan-
dard. All pressures are normalized by the incident pressure
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Dinc estimated following Eqn. (5) so that O dB represents
the fully anechoic case. The black dashed horizontal lines
at £1.5 dB indicate the lower and upper limits for accep-
tance of an anechoic room at low frequencies. The dotted
red curve represents the total pressure p, measured with-
out control. The diamond symbol represents, at several fre-
quencies, the total pressure p,,,, measured in real-time with
control and the black curve represents the estimation of the
control p¢, given by Eqn. (6).
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Fig. 8 and Fig. 9 respectively present the results at the
observation microphones ()1 (close to the reflecting wall)
and Q7 (far from the reflecting wall). The measurements
with control off p,;; point out the frequency fluctuations
resulting from the interferences between the source .S' and
the image source. The measurements carried out with con-
trol on show a significant attenuation of the diffracted field
in the frequency band [80 — 140] Hz for @Q);. For @7, the
level is inside the interval £1.5 dB between 80 to 180 Hz
with two exceptions around 90 and 140 Hz. As expected,
the control has almost no effect below about 75 Hz : Below
the room cut-off frequency, significant reflections occur on
all walls and the room response is dominated by acoustic
modes. Reducing the diffraction of a single wall can barely
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have a large effect when the contribution of the other walls
is significant.

These satisfactory results indicate on the one hand that
the diffraction operator has been well estimated and on
the other hand that the control of the diffracted pressure
on the surface does lead to an attenuation in the volume
as seen with the simulation (Fig. 7). The limits of control
efficiency could correspond to the limits imposed by
the constraints of the experiment seen in section Sec. 3.
Moreover, the estimated control gives similar results than
those directly measured. This consistency is interesting
and allows to consider testing different control parameters.

Let us finally point out that a decrease of the levels can
be observed above 120 Hz. In this case, the model of the
source S used was a monopole source. This point is dis-
cussed in details in [18] and [17] where it is shown that a
more accurate model of the source radiation is indeed nec-
essary.

6. CONCLUSION

The simulations and experimental results obtained for the
control in the semi-anechoic room show that the control
strategy on the surface I is efficient. It seems that the es-
timation of the diffracted pressure does not require a high
accuracy for the operator  but does require an accurate
model of the reference source. However these first results
have to be backed by more extensive simulations and ex-
perimentations for assessing the influence of all parameters
involved.
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