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ABSTRACT

This paper focus on the implementation of an active noise
control system over a network of distributed nodes acousti-
cally coupled. We have considered the distributed Multiple
Error filtered-x Least Mean Square (DMEFxLMS) algorithm
that allows collaboration between nodes following an incre-
mental strategy. To reduce the computational network re-
quirements, an alternative strategy which brings together only
the acoustically coupled nodes has been used. However, a rule
to define the subsets of nodes that are required to collaborate
is needed. A collaborative condition based on the analysis in
the frequency domain of the eigenvalues of the acoustic path
matrix is proposed. Results demonstrate the ability of the in-
troduced method to define the subsets of nodes that collabo-
rate.

Index Terms— active noise control, distributed networks,
acoustic sensor networks, filtered-x least mean square

1. INTRODUCTION

Recently, wireless acoustic sensor networks (WASNSs) offer
many possibilities for developing new applications in the au-
dio processing field [1] [2] due to a number of advantages
such as low-power, low cost and small size of the sensors [3]
[4]. For sound field control applications, such as active noise
control (ANC), nodes capable of obtaining information from
one or more microphones and capable of generating signals
via one or more loudspeakers are necessary. Moreover, every
node should have the ability to individually process signals
and to interchange the necessary information with the other
nodes using a suitable communication network.

ANC systems try to reduce a disturbance signal, called
primary noise, at specific spatial points monitored by micro-
phones, called error sensors [5] [6]. Generally speaking, the
use of a large number of microphones strategically located
produces larger zones of quiet. Similarly, multiple transduc-
ers are also commonly used to improve the system perfor-
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mance. Typically, those multichannel ANC systems use a
single centralized controller that has access to all the sig-
nals involved in the system. Alternatively, distributed sys-
tems can offer a good solution to satisfy high computational
requirements as well as capture, management and generation
of multiple signals. While centralized systems work with all
the signals involved, distributed systems employ independent
processors which control a subset of loudspeakers from the
signals picked up by a subset of microphones. Therefore,
the support of a network that allows communication between
controllers would be beneficial for the distributed ANC sys-
tem to achieve results equivalent to those of the centralized
method. Depending on the possibility of exchanging infor-
mation, collaborative and non-collaborative distributed algo-
rithms appear. The collaborative strategy could imply that
each node estimates the coefficients of the rest of the nodes
to achieve a global solution. When we consider the non-
collaborative strategy, nodes do not interchange any local in-
formation. A distributed ANC system based on the Multi-
ple Error filtered-x Least Mean Square (MEFXLMS) algo-
rithm [7] using an incremental collaborative strategy in a ring
network [8] and with sample-by-sample data acquisition was
presented in [9]. In order to reduce the computational and
communication requirements of the network, a distributed al-
gorithm based on [9] where each node only collaborates with
a subset of nodes acoustically coupled is proposed in [10].
To this aim, a criterion to determine which nodes should col-
laborate is required. As it is well known, the convergence
characteristics of the MEFXLMS algorithm analyzed in the
time domain are affected by the eigenvalue distribution of the
autocorrelation matrix of the filtered reference signals [11]
[12]. However, an analysis of the convergence properties of
the algorithm in the frequency domain could allow to eval-
uate each frequency bin (FFT) separately, providing a better
understanding of the physical problem [13]. Based on this,
we propose a collaborative method based on the acoustically
coupling among the nodes to identify when collaboration is
needed in order to ensure distributed ANC system stability.
The paper is organized as follows: In Section 2 we present
the proposed collaborative method and the evaluation results
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for a two-node network in different scenarios. The experi-
mental results to validate the proposed method for a six-node
network are shown in Section 3. Finally, Section 4 outlines
the main conclusions of the present work.

2. PROPOSED METHOD

2.1. Description of the algorithms

Let us consider an acoustic sensor network (ASN) of N nodes
that supports an ANC system composed by N sensors and N
actuators, as shown in Figure 1. For the sake of simplicity, we
consider a single disturbance noise and single-channel acous-
tic nodes in a homogeneous network. This implies that all
the nodes have the same computational and communication
capabilities, execute the same algorithm and are composed of
a single sensor and a single actuator. The signals recorded
at the sensors at the discrete time instant n are called error
signals and denoted by ep(n) (where &k = 1,2, ... ,N).
The actuators emit the filter output signals y;(n) (where j =
1,2, ... , N) and the estimated acoustic channel impulse re-
sponse between actuator j and sensor k is denoted as sj,
which is defined as a FIR filter that models the real acous-
tic channel hj;. In feedforward systems, the reference sig-
nal, 2(n), is captured by a reference sensor used to detect the
acoustic noise far away from the area of interest. When the
noise is periodic, it can also be generated internally if its fre-
quency is known. Since only one noise source exists, all the
nodes will share the same reference signal (n). We want to
cancel the acoustic noise signal at the sensor locations, d.(n),
estimating an adaptive filter wy(n) in every node. A possi-
ble solution is based on the well-known MEFXLMS algorithm
that minimizes the sum of the power of the N error signals.
As stated in [9], the filter updating equation of the network
can be calculated as

N
w(n)=wn-1) — /‘Z vi(n)ex(n), (D

k=1
where vector w(n) = [wi(n) wa(n) - wy(n)]? of size

[LN x 1] concatenates the N adaptive filters wy(n) that con-
tain the L filter coefficients of the kth node. u is the step-size
parameter and vi(n) = [vir(n) vor(n)--- var(n)]? is a
vector of size LN x 1 being v;,(n) an L-length vector that
contains the last L samples of reference signal x(n) filtered
through s;;. Firstly, we consider a decentralized ANC sys-
tem [11] [14] where the nodes perform a distributed and in-
dependent processing and they do not collaborate at all. If
the nodes are located at such a distance which does not al-
low the acoustic interaction among them (uncoupled system),
the non-collaborative strategy could be a sufficient solution
to guarantee the stability of the system. Therefore, the filter
updating equation at each node of the non-collaborative dis-
tributed MEFXLMS (NC-DMEFxLMS) algorithm described
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Fig. 1. ASN of N nodes for an ANC system.
in [9] is given by
wi(n) = wi(n —1) — pvig(n)eg(n). (2)

It can be seen in (2) that each node uses only local infor-
mation to update its filter coefficients. The problem exists in
those cases where the nodes get closer and the level of acous-
tic interaction increases (coupled systems) because the sys-
tem turns unstable and does not converge. To solve this, the
collaborative algorithms allow that each node updates the sta-
tus of the global network using their local data and assuming
some collaboration with its neighbors nodes to minimize the
effects of the acoustic coupling. In the case of a ring network
based on an incremental strategy [8], the coefficients of the
adaptive filters are calculated by distributing the calculation
among different nodes by transmitting information to an ad-
jacent node in a consecutive order. If we define the global
state of the network w(n) as the adaptive filter coefficients of
each node of the network at the time instant n and considering
w¥(n) a local version of w(n) at the kth node, the updating
rule of the state of the kth node of the distributed MEFXLMS
(DMEFXLMS) algorithm [9] may be written as

wh(n) = wh 1 (n) — pvi(n) ex(n)-: 3)

Note that in (3) every node estimates all the adaptive filters
of the N-node network at each instant and shares the filter co-
efficients with its neighbour node. Note that this information
exchange is not required if the adjacent nodes are far enough
and the level of interaction between them is not relevant to
affect the ANC system performance. In order to reduce both
computation and communication requirements, in [10] it is
proposed to create subsets of nodes acoustically coupled, so
that a node only exchanges information with the nodes of its
subset. However, to the authors knowledge, a rule to properly
define the subsets of nodes in order to ensure system stability
and based on acoustical interaction among them is unknown.

2.2. Proposed collaborative method

In [11], it has been demostrated that the upper bound based
on the stability of a two-node decentralized ASN working
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Fig. 2. Experimental results for a two-node network.
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at a single frequency can be only obtained by examining the
eigenvalues of the matrix H(w)? H(w) where

) |

0

being H;; and Hyy, the coefficients of the Fourier Transform
(FT) of the direct acoustic paths of the nodes (h;;,hy) at
the frequency w. Similarly, H;;, and H}; are the coefficients
of the FT of the cross acoustic paths between both nodes
(h;,hy;) at the frequency w. The superscript H denotes the
Hermitian transpose. The convergence condition must fulfill
that Re[Agr(w)] > 0, being Agr (w) the two eigenvalues of the
matrix H(w)® H(w) at the frequency w (for convenience, the
frequency dependence will be suppressed in the notation be-
low). As the matrixes defined in (4) can be calculated in a
previous setup, the stability of the decentralized ASN can be
determinated before its implementation.

Based on this, we extend the study of the acoustic
paths matrixes to each frequency bin, w, defined as w =
0,1,2,..,M/2, where M is the length of the acoustic paths.
In addition, we proposed the following condition to decide
when the nodes should collaborate: if the real parts of the Ay
calculated at each w are positive, the system will converge
at that specific frequency. So, the nodes can work indepen-
dently. But, if any of the real parts of the Ay calculated at
each w is negative, the condition is not fulfilled. In this case,
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the nodes should collaborate to ensure system stability.

2.3. Evaluation of the proposed method

We have considered two examples to illustrate how the pro-
posed condition can be used to apply collaboration among
the nodes and therefore, to create the subsets of nodes acous-
tically coupled. A network composed of two single-channel
nodes that suports a distributed ANC system is used. Two dif-
ferent scenarios have been considered by varying the acous-
tical interaction among the nodes. Specifically, an uncoupled
and coupled system. The main difference among them is their
respective separation among the nodes: 340 cm (case A) and
60 cm (case B) of separation respectively, which will affect
the level of acoustic coupling among them. Real acoustic
channels have been measured in a listening room at a sam-
pling rate f,=2000 Hz. Some examples of the impulses re-
sponses of this listening room are available at [15]. These
acoustic channels has been modeled as FIR filters of M =256
coefficients. Because of this, we obtain M frequency bins
where only M /2 are valid to the analysis in the frequency do-
main. Futhermore, through trial and error, it has been consid-
ered a step size parameter of y=>5-10"* as the highest value
that ensures the stability of the algorithms at each case. Even
if only 64 coefficients are necessary, we have oversized the
adaptive filter length to L=130 coefficients in order to ensure
accurate results.

For both cases, we perform a preliminary study of the
acoustic paths at different frequency bins before the adap-
tive processing. As we consider 128 bins and f,=2000 Hz,
we have 128 frequencies between [0, fs/2] Hz as the excita-
tion signals of the system. In Figure 2.a, the real parts of the
eigenvalues Ay (bottom) compared to the performance of the
NC-DMEFXLMS algorithm (top) calculated at each excita-
tion frequency are shown for the case A. In order to evaluate
the performance of the non-collaborative algorithm at each
excitation frequency, Figure 2.(a) top represents the steady-
state Noise Reduction of the network at excitation frequency
fr, NRy, (n), defined in dB as:

| o

where d3 (n) is the signal power picked up at the kth micro-
phone when the ANC system is inactive and e (n) is the er-
ror signal power measured at the kth microphone when the
ANC system works. Moreover, these signal powers have been
estimated using an exponential windowing over the instanta-
neous signals. As Figure 2.(a) bottom shows, for case A, all
the eigenvalues Ag satisfies the proposed condition. As ex-
pected, the NC-DMEFXLMS algorithm achieves the system
convergence at each analyzed frequency, as we can see in Fig-
ure 2.(a) top. The same representation for the case B is shown
in Figure 2.(b). In this case, we can see that the negative value

N
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Fig. 3. Experimental results for a six-node network.
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of the real part of Agy causes that the non-collaborative algo-
rithm diverges making the system unstable at the frequencies
in the shaded area. To validate the proposed method, we have
evaluated the performance of both the NC-DMEFXLMS and
the DMEFxLMS algorithm described in [9] [10], which we
call customized DMEFXLMS (c-DMEFxXLMS). It has been
evaluated the case B at two specific frequencies which make
the non-collaborative system stable (f; = 250 Hz) and un-
stable (fs 734.3 Hz) respectively. Figure 2.c shows the
time evolution of the NRy, (n) and NRy,(n) for both algo-
rithms. Both algorithms obtain similar performance at f;. But
at fo, the NC-DMEFXLMS algorithm diverges while the c-
DMEFxLMS algorithm achieves the convergence of the sys-
tem.

3. RESULTS FOR AN EXTENDED CASE

In this section, we present the simulations carried out to eval-
uate the proposed collaborative method comparing the perfor-
mance of both the NC-DMEFxLMS and the c-DMEFXLMS
algorithms over a ASN composed of six single-channel nodes
(see Figure 1). For this case, ;=20 cm, [5=80 cm, [3=80 cm,
[4=40 cm, and l5=40 cm. The analysis of the system is car-
ried out in the same terms as are indicated in the previous
cases. For simplicity, the collaboration condition explained
previously is evaluated by couple of nodes at each frequency
bin. We calculate the eigenvalues Ay of the acoustic paths
matrix defined in (4) between each couple of nodes (for j and
k from 1 to 6 being j # k). If the condition is fulfilled,
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both nodes will not collaborate. But if the condition is not
fulfilled, both nodes will be part of the same subset of collab-
oration. And so on for each couple of nodes of the network.
The configuration parameter setup used in the two-node net-
work has been considered. In a first stage, we have evaluated
the performance of the NC-DMEFxLMS algorithm calculated
for different excitation frequencies. Figure 3.(a) top repre-
sents the steady-state Noise reduction of the network defined
in (5). We can see that the NC-DMEFxLMS algorithm does
not fulfill the convergence condition for most of frequencies
(74.2% of them, exactly). Therefore, collaboration among
nodes seems necessary. The creation of the subsets of nodes
based on the proposed collaborative condition is defined as
follows: Subset, = 1,2,3,5, Subsety = 1,2, 3, Subsets =
1,2,3,4,5, Subsety = 3,4,5,6, Subset; = 1,3,4,5,6 and
Subsetg = 5, 6. In order to evaluate the performance of the c-
DMEFxLMS algorithm at each excitation frequency applying
the subsets of collaborative nodes, Figure 3.(a) bottom repre-
sents the N Ry, (n) of the network for k = 1,2, ... , M/2.
In this case, the system converges for all the frequencies im-
proving the performance of the non-collaborative algorithm.
To validate this results, we have evaluated the performance of
both the NC-DMEFXLMS and the c-DMEFxXLMS algorithm
at two specific frequencies which make the non-collaborative
system stable (f; = 867.1 Hz) and unstable (fo = 507.8
Hz) respectively. Figure 3.(b) shows the time evolution of
the NRy, (n) and the N Ry, (n) for both algorithms. As ex-
pected, at f; both algorithms achieves similar convergence
levels. However, at fo, the c-DMEFXLMS algorithm avoids
the unstability of the NC-DMEFXLMS algorithm achieving
the convergence of the system. Finally, note that all the re-
sults accomplished in this work depend on particular settings
but their behavior can be easily extrapolated to other configu-
rations.

4. CONCLUSIONS

In this paper, the influence of the level of acoustic interaction
between nodes of an ASN has been studied. For this purpose,
a simple but effective method to identify when it is necessary
the collaboration between nodes has been introduced. A con-
vergence analysis of the non-collaborative distributed ANC
system over a two-nodes ASN at different excitation frequen-
cies has been presented. A collaborative condition is derived
based on the study of the eigenvalues of the acoustic paths ma-
trix in the frequency domain. We have evaluated the proposed
collaborative method comparing the performance of both the
NC-DMEFXLMS and the ¢c-DMEFXLMS algorithms over a
ASN composed of six single-channel nodes at different ex-
citation frequencies. Results demonstrate that the proposed
method is valid to design subsets of nodes acoustically cou-
pled according to the collaboration rule, reducing the com-
putational and communication requirements of the network.
However, some aspects like a review of the proposed condi-
tion for wideband signals must be considered in future works.
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