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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 loudspeaker. 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 metamaterials, a lot of work has been done on the development 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 asymmetric transmission.
Active control/tuning of acoustic transducers or acoustic 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 already been used for the design of acoustic metamaterials
such as PT-symmetric systems [22], reconfigurable acoustic resonators [23], or systems achieving perfect transmission 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 transmitter (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 reverse 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 system has the advantages of being simple, compact, linear and to achieve nonreciprocal behavior within a broad
frequency range. The basic principles of the device are
described in Sec.II, where it is presented how an asymmetrically 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 presented in Sec.III, 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 enlightened by means of its response to short pulses of sound impinging 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 paper 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 (density ρ0 ), 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-

2

(a)

spring

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 uniform 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) = B`i(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 B`v(t) at the coil
terminals.
As a result, the equations describing the motion of the
system (see Fig.1) write as

mass

Microphone

(b)

Feedback
loop

Microphone

Ũ = (Re + jωLe ) ĩ + B`ṽ,
Zm ṽ = (p̃r − p̃l ) Sm + B`ĩ,

Annular magnet

Mechanical suspension

Coil

Rigid disk

FIG. 1. Schematic drawing of the AWT. The notation p̃l , or
p̃r , is used to describe the complex amplitude of the acoustic
pressure at the left or the right side of the AWT, while p̃+
l,r or
p̃−
refer
to
the
complex
amplitude
of
a
pressure
wave
propl,r
agating either rightwards (+) or leftwards (-); therefore one
−
has p̃l = p̃+
l + p̃l . The notation w̃l,r refers to the complex
amplitudes of the volume velocity at any side of the AWT,
and ṽ is the velocity of the oscillating disk.

tion/transmission properties of the mass-spring system
can be described by a scattering matrix, which is symmetric 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 pl 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 pl ), as
depicted in Fig.1(b). The electrodynamic transducer
considered in this study is based upon the same principles than the ones of standard moving coil loudspeakers,
although its geometry is slightly different ; standard loudspeakers have an electromagnet system placed behind a
moving membrane, while the loudspeaker used here has
identical front and rear sides. The mechanical part is

(1)
(2)

where the time varying quantities are described in the
˜
frequency domain through their complex amplitudes ξ(ω)
jωt
˜
defined as ξ(t) = <(ξe
) where ξ either refers to a voltage U , a current i, a pressure p or a velocity v, while ω
stands for the angular frequency and j 2 = −1. In Eqs.
(1-2), Sm denotes the surface area of the disk, Re and Le
stand for the electrical resistance and the inductance of
the coil, and the mechanical impedance Zm of the massspring system writes as
1
Zm = jωMm + Rm +
,
(3)
jCm ω
where Mm denotes the mass of the disk, while Cm and
Rm stand for the compliance and the mechanical resistance of the suspensions. Moreover, as illustrated in
Fig.1(b), a feedback circuit imposes that the voltage assigned to the loudspeaker depends on the pressure p̃l ,
which can be written as
Ũ = H̃ × p̃l ,

(4)

where H̃(ω) stands for the transfer function of the feedback loop. The acoustic volume velocities w̃l,r 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 w̃l = w̃r = −ṽSm . Introducing
the electrical impedance of the coil as Ze = Re + jωLe ,
the equations above can be re-arranged to express the
transfer matrix T of the two-port as:


1 − α −β − jX
T=
(5)
0
1
such that


p̃r
w̃r




=T×

p̃l
w̃l


,

(6)

with
H̃B`
,
Ze Sm
Rm
(B`)2
β= 2 +
,
2
Sm
Ze Sm


1
1
jX = 2 jωMm +
.
Sm
jωCm
α=

(7)
(8)
(9)
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The coefficient α describes the impact of the feedback
loop (α = 0 if the feedback loop is switched off). The
upper-right coefficient in T, namely −β − jX, corresponds to the acoustic impedance of the AWT; β 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 Ze = Re + jLe ω,
β also includes a reactive part due to the coil inductance Le ). The coefficient X represents the acoustical
reactance of the mass-spring system, which vanishes if
ω = ωs = (Mm Cm )−1/2 .
Introducing the characteristic impedance of the duct
ρ0 c0
Zc =
Sd

(10)

where Sd stands for the cross-sectional area of the duct
and c0 is the speed of sound in the fluid, the volume
velocities at both sides of the system can be written as
−
w̃l,r = (p̃+
l,r − p̃l,r )/Zc . So, from the T-matrix of Eq.(5),
the relationship between incident and outgoing pressure
waves can be obtained through the scattering matrix as
 + 
 +  +
p̃r
T
R−
p̃l
(11)
=
+
−
−
R
T
p̃−
p̃
r
l
where the transmission and reflection coefficients are
given by:
2 (1 − α) Zc
,
(2 − α)Zc + β + jX
2Zc
T−=
,
(2 − α)Zc + β + jX
β + jX + αZc
,
R+ =
(2 − α)Zc + β + jX
β + jX − αZc
R− =
.
(2 − α)Zc + β + jX
T+=

(12a)

TABLE I. Electromechanical parameters of the loudspeaker.
Parameter
Notation
Value
Force factor
B`
5.6 T.m
DC coil resistance
Re
6.54 Ω
Coil inductance
Le
0.4 10−3 H
Compliance of suspensions
Cm
0.51 10−3 m.N−1
Resistance of suspensions
Rm
0.59 N.s.m−1
Moving mass
Mm
4.8 10−3 kg
Surface of the disk
Sm
37 10−4 m2

it comes down from Eqs.(12) that the choice of a transfer
function
H̃ = −jω × Γ,

(13)

Mm Re
,
B`Sm Zc

(14)

with
Γ=

leads to |T + | ≈ 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 efficient within a potentially broad frequency range bounded
down by the resonance frequency ωs of the mass-spring
oscillator, and bounded up by the plane wave approximation in the duct (i.e. ω < 1.841c0 /Rd , where Rd stands
for the inner radius of the duct [25]). The experimental proof-of-concept of such a system is presented in the
following.

(12b)
III.

EXPERIMENTAL SET-UP.

(12c)
A.

(12d)

Therefore, it is shown here that as far as the feedback
loop is switched on, i.e. α 6= 0, the reciprocity of the
system is broken since det T 6= 1 and T + 6= T − . This
gives a chance to make an AWT if the transfer function
H̃ 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 ω  ωs , then jX ≈
2
jωMm /Sm
(i.e., above resonance the mass-spring system
is governed by inertia). Moreover, if the voice coil inductance Le is neglected (only here for the sake of argument), then the parameter α writes as (H̃B`)/(Re Sm ).
Then having the feedback transfer function such that its
output is a time derivative of the input with a controlled
gain, namely if H̃ ∝ jω, allows us to use the feedback
loop to control inertia effects and more precisely to make
so that αZc = −jX. Furthermore, if both assumptions
2
2
that ω  Sm
Zc /Mm and ω  βSm
/Mm are valid then

Description of the AWT

Two photographs of the AWT are presented in Fig.2.
The loudspeaker is a cylindrical block with an outer radius of 45 mm and a thickness of 13 mm, which is flushmounted 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 magnetic ring through elastic suspensions. As shown in Fig.2,
a measurement microphone (model GRAS 46BE) is flushmounted 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)

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 (H̃ = 0, black
lines), or with a feedback transfer function defined accordingly with Eq.(13). For this latter case, the coefficients are
plotted either with Le = 0.4mH (dashed blue lines), or with
a vanishing inductance Le = 0mH (solid blue lines).

and an inner radius Rd = 58.5 mm. Hence, the characteristic impedance Zc of the surrounding ducts is also known
and the scattering matrix coefficients can be calculated
as functions of the frequency using Eqs. (12). In Fig. 3,
the calculated moduli of these coefficients are plotted as
functions of the frequency, for both cases of H̃ = 0 (no
feedback loop, black lines) and of H̃ = −jω × Γ (blue

lines). For this latter case, the coefficients are plotted
either with the measured value of Le , namely Le = 0.4
mH (dashed blue lines), or with a vanishing inductance
Le = 0 mH (solid blue lines). Without feedback, α = 0
and the results confirm that the two-port is reciprocal
with T + = T − . The maximum transmission is achieved
around the resonance frequency of the mass-spring system, fs ≈ 102Hz, and the corresponding transmission
does not exceed a value of 0.2 ; such a low transmission around resonance is due to a significant damping
(both mechanical and electrical) of the mass-spring system. 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 system, since the coefficients |T + | and |R− | tend towards
unity, while both |T − | and |R+ | gradually decrease as
the frequency increases. It is worth noting, however, that
if the coil inductance Le 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 |T + | and |R+ | depend significantly
on the coil inductance, and some kind of low-pass filtering in the transmission of a wave impinging from the
left is caused by the impact of Le on the dynamics of
the loudspeaker. Nonetheless, the theoretical results of
Fig.3 appear as convincing enough for setting-up an experimental 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 microphone 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 determine the amplitude and phase of counter-propagating
waves at both sides of the system, and hence the scattering 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 acquisition 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 distance between the two microphones forming a pair, several distances were used in this study, namely 10, 30 or
70 centimeters: this allowed to perform sufficiently reliable 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 ṗl , where ṗl 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 ṗl , and an
audio power amplifier which is used to control the gain
so as to reach the target value of Γ given in Eq. (14).
It is worth mentioning that the presence of a positive
feedback can lead to self-oscillations, a phenomenon commonly known as the audio feedback in public address
systems and audio engineering applications. Such selfoscillations with a frequency of a few kHz were indeed
observed in the present device when the gain of the audio amplifier, G, was set too high. Therefore, a passive
low-pass 1st 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.
A.

EXPERIMENT RESULTS.
Scattering matrix coefficients

The moduli and phases of the reflection/transmission
coefficients of the AWT are presented in Fig.5 as functions of the frequency. Those measurements were performed for different values of the gain G of the audio
amplifier, and the corresponding feedback loop transfer
function H̃exp = Ũ /p̃l was also measured. By measuring
the slope of |H̃exp | which increases (almost) linearly with
ω, it was therefore possible to evaluate the experimental
value of the total gain, with regards to the target value
of Γ 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 (H̃exp ). Solid lines correspond to the scattering matrix coefficients measured using the multiple microphones method, while dashed lines correspond to those calculated using Eqs.(12), in which the feedback loop parameter 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
|H̃exp | ≈ 0.63Γ×ω (blue lines) or |H̃exp | ≈ 0.90Γ×ω (red
lines). The target value of |H̃exp | = Γ × ω could not be
achieved in this system because self-oscillations appeared
for values of the slope of |H̃exp | exceeding 0.96Γ. How-

ever, the results show that even if the target value of Γ is
not perfectly achieved, the feedback enables to break the
reciprocity of the two-port, and in particular it is possible to make |T + | approach unity while |T − | 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 function actually deviates from the ideal one, H̃ = −jω × Γ.
The measured transfer functions H̃exp (ω) are presented
in Fig. 7 in the appendix, and it is shown that their modulus do not perfectly increase linearly with ω, while their
phase depend on frequency (rather than being equal to
−π/2). Those measured transfer functions can be used
to evaluate the experimental slopes relative to the ideal
one, Γ. But more importantly, the measured H̃exp (ω)
can be used as an input for the prediction of the scattering matrix coefficients using an experimental value of
the parameter α = H̃exp B`/(Ze Sm ) in the expressions of
the S-matrix coefficients defined in Eqs.(12). These calculated coefficients are plotted with dashed lines in Figs.
5, and as a whole they show a good agreement with experimental data.
From a general standpoint, both experimental and theoretical results of Fig.5 show that the initial goal of designing an AWT over a large frequency range is possible since the targeted transmissions of |T + | ≈ 1 and
|T − | ≈ 0 are roughly achieved. More precisely, the results show that the nonreciprocity factor (defined as the
ratio of |T + | 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 coefficients 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 cannot 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 subsequent risks of self-oscillating instabilities, depending on
the acoustic load connected to the left-side of the system). This increase of |R+ | is well-reproduced by the
model, so that it can be partially explained by the finite
value of Le and by the details of the feedback loop transfer 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 results presented hereafter aim at providing a more concrete and pictorial demonstration of its operation. To
that purpose, the gain G of the audio amplifier is fixed
such that |H̃exp | ≈ 0.90Γ×ω (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 response 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, pref , defined
as the maximum peak amplitude of the incident pulse, namely
pref = max (p4 ) in (a), and pref = 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 distribution function. The standard deviation σ 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 depicted in Fig.6, two pairs of microphones are placed at
both sides of the system (one of which includes the control 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 incident/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 emitted 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 nothing is transmitted through the AWT, as can be seen from
time signals of microphones n◦ 1 and n◦ 2: this is consistent with the expected result that |T − | ≈ 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+ | =
6 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 proposed, based on a simple concept of asymmetric feedback which (to the authors’ knowledge) had not been
explored yet for the development of so-called acoustic
diodes/isolators, and more generally of nonreciprocal systems. The experimental results show good agreement
with the model and provide a robust proof of concept,
since the system achieves the targeted asymmetric transmission 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 implementation 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).
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Improvements of the present system would be worth
considering, notably regarding some modifications of the
feedback transfer function so as to compensate for undesired effects related to the finite value of Le , 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 development 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 using 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 incidence 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

FIG. 7. Modulus and phase (solid lines) of the measured feedback transfer functions, H̃exp , associated to the experimental
data presented in Fig.5. The straight dashed lines correspond
to a linear fit of |H̃exp |, which are used to evaluate the experimental slopes relative to the ideal one, Γ.

The feedback transfer function defined in Eq.(4) was
measured on the experimental set-up. The moduli and
phases of H̃exp 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 presented. These measured H̃exp (ω) are used as an input for
calculating the scattering matrix coefficients using an experimental value of the parameter α = H̃exp B`/(Ze Sm )
in the expressions of the S-matrix coefficients defined in
Eqs.(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 × Γ and 0.90 × Γ) of |H̃exp | relative to the
predicted slope Γ defined in (14) for the ideal case of a
vanishing inductance.
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