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Broadband nonreciprocal acoustic scattering using a loudspeaker with asymmetric feedback

G. Penelet,* V. Pagneux, G. Poignand, C. Olivier, and Y. Aurégan
Laboratoire d’Acoustique de ’Université du Mans (LAUM),
UMR-CNRS 6613, Institut d’Acoustique-Graduate School (IA-GS), CNRS,
Le Mans Université, Avenue O. Messiaen, 72085 Le Mans France
(Dated: November 22, 2021)

This paper describes an acoustic system enabling to achieve asymmetric transmission over a
broad frequency range. The basic elements of the system are a moving coil loudspeaker placed
along the axis of a duct, and a microphone flushed-mounted next to the front side of the loud-
speaker. The loudspeaker acts both as a mass-spring oscillator through which incident waves are
reflected/transmitted, and as a sound re-emitter controlled by the microphone through a feedback
loop. It is shown that the reciprocity of the resulting two-port is broken, and that it can be used to
design a broadband asymmetric wave transmitter. The experimental results show that there exists
a frequency band ranging from about 300 Hz up to 1500 Hz where an almost perfect transmission in
the forward direction is observed whereas a weak (i.e., of about 10%) transmission is achieved in the
reverse direction. Owing to the broadbandness of this efficient and compact nonreciprocal scatterer,
it is also shown through its response to incident pulses that it can be used as a sound trap.

I. INTRODUCTION

In the context of an intense research on acoustic meta-
materials, a lot of work has been done on the develop-
ment of nonreciprocal systems. One of the first systems
proposed [1, 2] was based on the use of a sonic crystal
combined with a nonlinear medium. Many other systems
were subsequently designed in the last decade [3-13], and
most of them rely on using nonlinear effects [3, 4, 6-
8, 10, 11, 13] to break the (usually inherent) reciprocity
of acoustic systems. More generally, there is currently a
large effort in developing nonreciprocal acoustic systems,
with numerous potential applications (see ref. 14 for a
recent review on this topic), but it is still challenging to
achieve the design of simple, compact (sub-wavelength),
and broadband systems demonstrating an efficient asym-
metric transmission.

Active control/tuning of acoustic transducers or acous-
tic media is another possible way to achieve nonreciprocal
propagation [7, 15-20]. In particular, the idea of using
systems made with moving coil loudspeakers controlled
by an active feedback or by an electric shunt [21] has al-
ready been used for the design of acoustic metamaterials
such as PT-symmetric systems [22], reconfigurable acous-
tic resonators [23], or systems achieving perfect transmis-
sion through disorder [24].

In this paper, we describe a system which relies on
a moving coil loudspeaker and an analog feedback loop
circuit, so as to act as an asymmetric wave transmitter.
In the following, the term asymmetric wave transmit-
ter (AWT) is employed to define an acoustic scatterer
which achieves perfect transmission (and zero reflection)
of incident waves in the forward direction, but which also
achieves total reflection without transmission in the re-
verse direction. Systems sharing similar target-properties
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are also termed as acoustic isolators [5, 6], or acoustic
diodes [1, 4, 9, 11] in other studies. The present sys-
tem has the advantages of being simple, compact, lin-
ear and to achieve nonreciprocal behavior within a broad
frequency range. The basic principles of the device are
described in Sec.Il, where it is presented how an asym-
metrically located microphone connected to a feedback
loop can be used to break the reciprocity and to make
the system a broadband AWT. A prototype AWT is pre-
sented in Sec.IIl, as well as the experimental test bench,
which consists of the AWT connected to ducts at both
sides so as to characterize the transmission/reflection of
plane waves impinging either on one side or on the other
side. The experimental results are presented in Sec.IV,
where the measured scattering coefficients are shown in
good agreement with theory. The results notably show
that the nonreciprocity factor (defined as the ratio of
transmission coefficients) is larger than 25 dB within a
frequency band ranging from 310 Hz up to 1460 Hz. The
efficiency and the broadbandness of the AWT is enlight-
ened by means of its response to short pulses of sound im-
pinging on either side of the system, confirming that the
incoming wave is either blocked or transmitted through
the AWT.

II. BASIC PRINCIPLES OF THE SYSTEM

A schematic drawing of the system studied in this pa-
per is presented in Fig.1. As shown in Fig.1(a), it consists
of a rigid disk that can oscillate along the axis of a duct,
thanks to some elastic suspensions attached to the inner
walls. The duct is filled with a compressible fluid (den-
sity po), and acoustic waves can propagate on either side
of the mass-spring system. As we consider frequencies
below the first cut-off frequency of the duct, only the
planar mode is propagating along the axis (non-planar
modes are evanescent).

When the feedback loop is switched off, the reflec-
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FIG. 1. Schematic drawing of the AWT. The notation p;, or
Pr, is used to describe the complex amplitude of the acoustic
pressure at the left or the right side of the AWT, while ;52} or
Dy refer to the complex amplitude of a pressure wave prop-
agating either rightwards (+) or leftwards (-); therefore one
has p; = PT + p; . The notation @, refers to the complex
amplitudes of the volume velocity at any side of the AWT,
and ¢ is the velocity of the oscillating disk.

tion/transmission properties of the mass-spring system
can be described by a scattering matrix, which is sym-
metric and reciprocal.  When the feedback loop is
switched on, the specificity of the system relies on the fact
that the disk is driven by a force which is proportional to
the acoustic pressure p; at the left side, see Fig. 1(a). As
will be shown in the following, this feedback force breaks
the symmetry and the reciprocity of the two-port, which
is a necessary condition to make it an AWT.

One mean of making the device of Fig.1(a) is to
use an electrodynamic transducer connected through a
feedback-loop to a microphone (giving access to p;), as
depicted in Fig.1(b). The electrodynamic transducer
considered in this study is based upon the same princi-
ples than the ones of standard moving coil loudspeakers,
although its geometry is slightly different ; standard loud-
speakers have an electromagnet system placed behind a
moving membrane, while the loudspeaker used here has
identical front and rear sides. The mechanical part is

made of a light and rigid disk attached to an annular
magnet through lateral suspensions. A coil is wounded
around the disk, and the annular magnet imposes a uni-
form magnetic field B oriented radially through the coil.
Therefore, if the coil of length ¢ is supplied by a time
varying current, i(t), then an axial electrodynamic force
F(t) = BYi(t) causes the coil (and thus the disk) to move
back and forth. Moreover, any axial motion of the disk
with a velocity v(t) gives rise to a back-electromotive
force that induces a voltage difference Bfv(t) at the coil
terminals.

As a result, the equations describing the motion of the
system (see Fig.1) write as

U= (R, + jwL.)i+ Blv, (1)
L = (f)r - ﬁl) Sm + Bli, (2)
where the time varying quantities are described in the
frequency domain through their complex amplitudes &(w)
defined as &(t) = R(Ee/“!) where £ either refers to a volt-
age U, a current i, a pressure p or a velocity v, while w
stands for the angular frequency and j2 = —1. In Egs.
(1-2), S, denotes the surface area of the disk, R, and L,
stand for the electrical resistance and the inductance of
the coil, and the mechanical impedance Z,, of the mass-
spring system writes as

o] ®)
where M,, denotes the mass of the disk, while C,, and
R,, stand for the compliance and the mechanical resis-
tance of the suspensions. Moreover, as illustrated in
Fig.1(b), a feedback circuit imposes that the voltage as-
signed to the loudspeaker depends on the pressure py,
which can be written as

U=H x p, (4)

where H(w) stands for the transfer function of the feed-
back loop. The acoustic volume velocities w; , at both
sides of the system are defined accordingly with Fig.1(a),
so that the continuity of the volume flow rate leads to
the additional relation w; = W, = —0S,,. Introducing
the electrical impedance of the coil as Z. = R, + jwL,,
the equations above can be re-arranged to express the
transfer matrix T of the two-port as:

l—-a —f—-3X
T:< R ) (5)
such that
Dr _ f)l
(2)ee(2)
with
HBY
= (7)
_ Ry, (B)?
ﬁ - g Zesgnv (8)
X = (o, + — )



The coefficient « describes the impact of the feedback
loop (o = 0 if the feedback loop is switched off). The
upper-right coefficient in T, namely —8 — jX, corre-
sponds to the acoustic impedance of the AWT; £ mostly
describes the losses due both to viscous friction in the
mechanical suspensions and to the dissipation caused by
Joule effect in the coil (note that as Z. = Re + jLew,
0B also includes a reactive part due to the coil induc-
tance L.). The coefficient X represents the acoustical
reactance of the mass-spring system, which vanishes if
w=ws = (MmC’m)fl/Q.
Introducing the characteristic impedance of the duct

Poco
z.="% (10)
where Sy stands for the cross-sectional area of the duct
and cg is the speed of sound in the fluid, the volume
velocities at both sides of the system can be written as
W, = (), — P;,.)/Ze. So, from the T-matrix of Eq.(5),
the relationship between incident and outgoing pressure
waves can be obtained through the scattering matrix as

(E)-(FF)E) o

where the transmission and reflection coefficients are
given by:

2(1-a)Z,
T = 12
T 2—a)Z.+B+iX (12a)
27
T = < 12b
T 2-a)Z.+B+iX’ (12b)
B+iX +aZ.
+ = 12
R =Gz 1 hix (2
R _ B+jX —aZ. (124)

2—a)Z.+B+iX

Therefore, it is shown here that as far as the feedback
loop is switched on, i.e. a # 0, the reciprocity of the
system is broken since det T # 1 and 7+ # 7. This
gives a chance to make an AWT if the transfer function
H of the feedback loop is chosen adequately.

In the following, attention is focused on the design of
a system operating beyond the mechanical resonance,
based on the following simple considerations. Should
the angular frequency be such that w > ws, then j X ~
jwM,,/S2, (i.e., above resonance the mass-spring system
is governed by inertia). Moreover, if the voice coil in-
ductance L. is neglected (only here for the sake of argu-
ment), then the parameter o writes as (HB)/(ReSy,).
Then having the feedback transfer function such that its
output is a time derivative of the input with a controlled
gain, namely if H « jw, allows us to use the feedback
loop to control inertia effects and more precisely to make
so that aZ. = —jX. Furthermore, if both assumptions
that w > S2,Z./M,, and w > BSZ /M, are valid then

TABLE I. Electromechanical parameters of the loudspeaker.

Parameter Notation Value

Force factor BY 5.6 T.m
DC caoil resistance Re 6.54 Q

Coil inductance L. 04107 H
Compliance of suspensions  Cp,  0.51 1073 m.N~!
Resistance of suspensions R 0.59 N.s.m™!
Moving mass M, 481072 kg
Surface of the disk Sim 37 107* m?

it comes down from Egs.(12) that the choice of a transfer
function

H=—jwxT, (13)
with
M, R,
| P —— L 14
B(S,, 2.’ (14)

leads to [TH| ~ 1, |[T | = 0, [R"| = 0, and |[R™| ~ 1,
which corresponds to the target scattering coefficients
of a perfect acoustic AWT. It is therefore anticipated
here that an AWT can be designed, which would be effi-
cient within a potentially broad frequency range bounded
down by the resonance frequency ws of the mass-spring
oscillator, and bounded up by the plane wave approxima-
tion in the duct (i.e. w < 1.841¢y/Rq, where Ry stands
for the inner radius of the duct [25]). The experimen-
tal proof-of-concept of such a system is presented in the
following.

III. EXPERIMENTAL SET-UP.
A. Description of the AWT

Two photographs of the AWT are presented in Fig.2.
The loudspeaker is a cylindrical block with an outer ra-
dius of 45 mm and a thickness of 13 mm, which is flush-
mounted within a cylindrical PVC support (125 mm in
outer diameter, 15 mm in thickness). The loudspeaker
unit is a patented system [26] which, as explained in
the previous section, consists of an annular permanent
magnet equipped with the moving part of the system,
namely the coil and the rigid disk attached to the mag-
netic ring through elastic suspensions. As shown in Fig.2,
a measurement microphone (model GRAS 46BE) is flush-
mounted on the front side of the PVC support so as to
provide the input for the feedback loop of the AWT unit.

The transducer is first characterized experimentally
using standard methods of loudspeaker characterization
based on the measurement of its electrical impedance as
a function of the driving frequency [27]. The measured
electromechanical parameters of the loudspeaker unit are
given in Tab.I.

The AWT unit of Fig. 2 is built so as to be connected
to standard PVC ducts with an outer diameter of 125 mm
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FIG. 2. Photographs of the asymmetric wave transmitter (AWT)
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FIG. 3. Moduli of the scattering matrix coefficients of the
AWT as functions of frequency, calculated using Eqs.(12) and
using the loudspeaker parameters of Tab.I. Calculations are
performed either without the feedback loop (H = 0, black
lines), or with a feedback transfer function defined accord-
ingly with Eq.(13). For this latter case, the coefficients are
plotted either with L. = 0.4mH (dashed blue lines), or with
a vanishing inductance L. = OmH (solid blue lines).

and an inner radius Ry = 58.5 mm. Hence, the character-
istic impedance Z,. of the surrounding ducts is also known
and the scattering matrix coefficients can be calculated
as functions of the frequency using Eqgs. (12). In Fig. 3,
the calculated moduli of these coefficients are plotted as
functions of the frequency, for both cases of H = 0 (no
feedback loop, black lines) and of H = —jw x T' (blue

lines). For this latter case, the coefficients are plotted
either with the measured value of L., namely L, = 0.4
mH (dashed blue lines), or with a vanishing inductance
L. = 0 mH (solid blue lines). Without feedback, o = 0
and the results confirm that the two-port is reciprocal
with 7+ = 7~. The maximum transmission is achieved
around the resonance frequency of the mass-spring sys-
tem, fs ~ 102Hz, and the corresponding transmission
does not exceed a value of 0.2 ; such a low transmis-
sion around resonance is due to a significant damping
(both mechanical and electrical) of the mass-spring sys-
tem. Next, if the feedback loop is switched on, the results
obtained while discarding the inductance of the voice coil
(solid blue lines) confirm that the targeted properties of
an AWT are observed beyond the resonance of the sys-
tem, since the coefficients |7| and |R™| tend towards
unity, while both |7| and |R"| gradually decrease as
the frequency increases. It is worth noting, however, that
if the coil inductance L. is taken into account then the
scattering of waves by the system deviates from that of
an ideal AWT: as shown by the curves with dashed blue
lines (compared to those with solid lines) in Fig.3, both
left-sided coefficients |7 +| and |R*| depend significantly
on the coil inductance, and some kind of low-pass fil-
tering in the transmission of a wave impinging from the
left is caused by the impact of L. on the dynamics of
the loudspeaker. Nonetheless, the theoretical results of
Fig.3 appear as convincing enough for setting-up an ex-
perimental proof of concept, which is described below.

B. Experimental test-bench

A schematic drawing of the experimental test-bench
used for the measurements of the scattering matrix of
the AWT is shown in Fig. 4. The AWT is tightly
connected on each side to standard PVC ducts (125mm
in outer diameter), which themselves are connected by
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FIG. 4. Scale drawing of the experimental test-bench

means of a T-branch to both an absorbing termination
and an acoustic source (model Fostex FF-105WK). Each
absorbing termination is made up of a cylindrical PVC
duct, about 120cm in length, within which a cylindrical
piece of melamine foam is inserted. The piece of foam
is cut along its length so as to form a dihedron (as in
standard acoustic wedge panels used for anechoic rooms)
and to promote a weak reflection of acoustic waves by
the termination. A standard two-source, multiple micro-
phone method is used to measure the scattering matrix
of the AWT. This method consists of making one set of
measurements with each source, and using two pairs of
microphones flush mounted at both sides of the two-port
[28]. A simple post-processing of raw data enables to de-
termine the amplitude and phase of counter-propagating
waves at both sides of the system, and hence the scat-
tering matrix of the two-port. The accuracy of such
a method strongly depends on the relative calibration
(both in amplitude and phase) of the microphones and
on their spacing [29]. In the present device, we used
1/4 in. measurement microphones (model GRAS 46BE
connected to a 4 channels power module GRAS 12AX)
which were first calibrated with each other using a small
cavity coupler, and then flush-mounted along each duct.
All microphones were connected to a I/O data acquisi-
tion card (model National Instrument USB 4431), which
was also used for the generation of the signal provided
to each source (a harmonic signal with a step by step
increasing frequency was used for the measurements of
transfer functions). As the accuracy of the measurements
within a given frequency range is also related to the dis-
tance between the two microphones forming a pair, sev-
eral distances were used in this study, namely 10, 30 or
70 centimeters: this allowed to perform sufficiently reli-
able measurements of the scattering matrix coefficients
for a frequency ranging from 70Hz up to a maximum of
1.5 kHz, which is slightly below the cut-off frequency of
the ducts (namely around 1750 Hz).

The feedback loop circuit is also schematically pre-

sented in Fig.4. As explained earlier, see Eq.(13), it is
desired that the voltage supplied to the loudspeaker be
proportional to p;, where p; is the time derivative of the
acoustic pressure measured by the control microphone
of the AWT unit. The feedback loop circuit includes a
differentiator circuit made with an operational amplifier
[30] providing an output signal proportional to p;, and an
audio power amplifier which is used to control the gain
so as to reach the target value of I" given in Eq. (14).

It is worth mentioning that the presence of a positive
feedback can lead to self-oscillations, a phenomenon com-
monly known as the audio feedback in public address
systems and audio engineering applications. Such self-
oscillations with a frequency of a few kHz were indeed
observed in the present device when the gain of the au-
dio amplifier, G, was set too high. Therefore, a passive
low-pass 1% order filter with a cut-off frequency of 2.5
kHz was also included in the feedback circuit to prevent
from such undesired self-oscillations, or more precisely to
push the limits in terms of a threshold gain giving rise to
self-oscillations.

IV. EXPERIMENT RESULTS.
A. Scattering matrix coefficients

The moduli and phases of the reflection/transmission
coefficients of the AWT are presented in Fig.5 as func-
tions of the frequency. Those measurements were per-
formed for different values of the gain G of the audio
amplifier, and the corresponding feedback loop transfer
function He,, = U/p; was also measured. By measuring
the slope of | H,,| which increases (almost) linearly with
w, it was therefore possible to evaluate the experimental
value of the total gain, with regards to the target value
of T' defined in Eq.(14). The results obtained for the
scattering matrix coefficients are plotted with solid lines
in Fig.5 for different cases, namely without a feedback
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FIG. 5. Moduli (upper graphs) and phases (lower graphs) of
the scattering matrix coefficients of the AWT as functions of
the frequency and for different values of the feedback loop’s
transfer function (Hezp). Solid lines correspond to the scat-
tering matrix coefficients measured using the multiple micro-
phones method, while dashed lines correspond to those cal-
culated using Egs.(12), in which the feedback loop parame-
ter defined in Eq.(7) is evaluated from the measured transfer
function of the feedback loop.

loop (black lines), and for two additional cases such that
|Hezp| = 0.63T x w (blue lines) or |Hey,p| = 0.90T x w (red
lines). The target value of |Hsp| = T' X w could not be
achieved in this system because self-oscillations appeared
for values of the slope of |H.,,| exceeding 0.96T". How-

ever, the results show that even if the target value of T is
not perfectly achieved, the feedback enables to break the
reciprocity of the two-port, and in particular it is possi-
ble to make |7 | approach unity while |7~ | approaches
zero over a large frequency range (see curves with solid
red lines). Since the feedback includes a low pass-filter
with a cut-off frequency of 2.5 kHz, but also since both
the differentiator circuit and the power amplifier are not
ideal components, the measured feedback transfer func-
tion actually deviates from the ideal one, H = —jw x T.
The measured transfer functions He,p(w) are presented
in Fig. 7 in the appendix, and it is shown that their mod-
ulus do not perfectly increase linearly with w, while their
phase depend on frequency (rather than being equal to
—7/2). Those measured transfer functions can be used
to evaluate the experimental slopes relative to the ideal
one, I'. But more importantly, the measured Hy,(w)
can be used as an input for the prediction of the scat-
tering matrix coeflicients using an experimental value of
the parameter o« = H.,, B(/(Z.S,,) in the expressions of
the S-matrix coefficients defined in Eqs.(12). These cal-
culated coefficients are plotted with dashed lines in Figs.
5, and as a whole they show a good agreement with ex-
perimental data.

From a general standpoint, both experimental and the-
oretical results of Fig.5 show that the initial goal of de-
signing an AWT over a large frequency range is possi-
ble since the targeted transmissions of |7| ~ 1 and
|7~| &~ 0 are roughly achieved. More precisely, the re-
sults show that the nonreciprocity factor (defined as the
ratio of |TT| over |T~]) is larger than 25 dB within a
frequency band ranging from 310 Hz up to 1460 Hz. The
experimental results also show that the left-sided coeffi-
cients are those which mostly depend on the feedback,
as expected from the theoretical results of Fig. 3. As
expected also, the case of a perfect broadband AWT can-
not be achieved by the system, especially concerning the
left-sided reflection coefficient |R | which increases in the
high frequency range and even exceeds unity (with subse-
quent risks of self-oscillating instabilities, depending on
the acoustic load connected to the left-side of the sys-
tem). This increase of |[R™| is well-reproduced by the
model, so that it can be partially explained by the finite
value of L. and by the details of the feedback loop trans-
fer function, but a discrepancy between experiments and
theory is also observed as the frequency increases.

B. Transmission/reflection of pulses through the AWT

The results of Fig.5 clearly show that the system can
be used as a broadband AWT, but the additional re-
sults presented hereafter aim at providing a more con-
crete and pictorial demonstration of its operation. To
that purpose, the gain G of the audio amplifier is fixed
such that |Hegp| =~ 0.90T x w (giving rise to the scattering
properties described by solid red lines in Fig.5), and the
transmission /reflection of waves by the AWT is observed
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FIG. 6. Acoustic response of the AWT to a pulse. The re-
sponse of the system is observed by means of four microphones
flush mounted along the ducts. When the system is connected
to weakly echoic terminations, its response is analyzed for
both cases of an excitation from the right (a), or from the left
(b). The system’s response to a left-sided excitation when the
the right side of the system is closed by a rigid plug is also
presented in (c). The amplitudes of the microphone signals
are all scaled by the same reference amplitude, pr.y, defined
as the maximum peak amplitude of the incident pulse, namely
Drey = max (p4) in (a), and prey = max (p1) in (b,c).

by using a broadband pulse wave which may impinge
the system from the right or from the left side. The
experimental results are presented in Fig.6. The input
signal provided to (one of) the external loudspeaker(s)

is a harmonic signal with a frequency fixed to 800 Hz,
whose amplitude is modulated by a Gaussian distribu-
tion function. The standard deviation o of this normal
distribution function is fixed to 1 ms, such that most
of the energy of the pulse lies within a broad frequency
range corresponding to the bandpass of the AWT. As de-
picted in Fig.6, two pairs of microphones are placed at
both sides of the system (one of which includes the con-
trol microphone used as an input for the feedback loop),
and their distance of separation is chosen large enough
(namely about 1.5 m) in order that the pulse signal of in-
cident /reflected waves can be detected separately in the
temporal data taken from each microphone.

For the two cases depicted in Figs.6(a) and (b), the
AWT unit is connected to a poorly reflecting acoustic
termination at both sides, and the incident wave is emit-
ted either from the right side, see Fig.6(a), or from the
left side, see Fig.6(b). The results of Fig.6(a) show that
an incident pulse impinging from the right experiences
total reflection (i.e., [R™| & 1) as clearly seen from the
signal taken from microphone n°4, and that almost noth-
ing is transmitted through the AWT, as can be seen from
time signals of microphones n°1 and n°2: this is consis-
tent with the expected result that |7 | ~ 0. The results
of Fig.6(b) show that an incident pulse impinging from
the left is transmitted to the right side of the AWT (i.e.,
|T+| ~ 1) and that that some reflection also occurs (as
[R*| #0).

Amusingly, the same experiment can be made when
replacing the absorbing termination at right with a rigid
plug, and the resulting acoustic response of the system
to a left-sided impinging wave is shown in Fig.6(c). It is
shown that the incident wave coming from the left side of
the system is transmitted to the right, and the signals of
mics. n°3 and 4 clearly show subsequent reflections (and
damping) of this pulse wave going back and forth on the
right side of the AWT, without any transmission back
to the left duct from which it was initially emitted. This
configuration in Fig.6(c) corresponds to a sound trapping
cavity able to capture the incident pulse.

V. CONCLUSION.

An asymmetric wave transmitter (AWT) has been pro-
posed, based on a simple concept of asymmetric feed-
back which (to the authors’ knowledge) had not been
explored yet for the development of so-called acoustic
diodes/isolators, and more generally of nonreciprocal sys-
tems. The experimental results show good agreement
with the model and provide a robust proof of concept,
since the system achieves the targeted asymmetric trans-
mission over a frequency band of more than two octaves.
The best merit of the proposed device probably owes to
its simplicity, while the main drawback to its implemen-
tation is the management of potential instabilities due to
the audio-feedback effect (a reason why low-pass filtering
was employed here in the feedback loop).



Improvements of the present system would be worth
considering, notably regarding some modifications of the
feedback transfer function so as to compensate for un-
desired effects related to the finite value of L., which
has been identified here as a limiting factor. We also
leave other potential improvements of the system, such
as changing the feedback transfer function for the devel-
opment of a system operating below or around resonance,
to a future investigation. Extending the frequency range
of operation of the AWT would also be interesting : this
could be done by reducing the radius of the duct (with
subsequent increase of its cut-off frequency) and by us-
ing a smaller loudspeaker. The loudspeaker used here is
a custom made system having identical front and rear
sides, but there is no obvious limitations in building such
an AWT with standard moving coil loudspeakers. The
extension of this work to large walls equipped with several
AWT units and submitted to waves having an oblique in-
cidence would also be worth considering. Also, it might
be interesting to evaluate if such concepts used here for
the propagation of sound in compressible fluids could be
extended to asymmetric transmission of elastic waves.

Appendix A: Feedback transfer function
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FIG. 7. Modulus and phase (solid lines) of the measured feed-
back transfer functions, ﬁezp, associated to the experimental
data presented in Fig.5. The straight dashed lines correspond
to a linear fit of |Hesp|, which are used to evaluate the exper-
imental slopes relative to the ideal one, I'.

The feedback transfer function defined in Eq.(4) was
measured on the experimental set-up. The moduli and
phases of Hcy, are presented with solid lines in Fig.7 as
functions of the frequency, and for both cases presented in
Fig.5 where the associated S-matrix coefficients are pre-
sented. These measured He,y(w) are used as an input for
calculating the scattering matrix coefficients using an ex-
perimental value of the parameter o = HeypBL/(ZeSm,)
in the expressions of the S-matrix coefficients defined in
Eqgs.(12) : this gives rise to the results with dashed lines
in Fig.5. The straight curves with dashed lines in Fig.7
represent the two corresponding evaluations of the slopes
(namely 0.63 x I and 0.90 x I') of |Hegy| relative to the
predicted slope T" defined in (14) for the ideal case of a
vanishing inductance.
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