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a  b  s  t  r  a  c  t

Feedback  active  noise  control  has  been  used  for tonal  noise  only  and  it is  impractical  for broadband
noise. In  this  paper,  it has  been  proposed  that the  feedback  ANC  algorithm  can  be  applied  to a  broadband
noise  if the  noise  characteristic  is  chaotic  in  nature.  Chaotic  noise  is  neither  tonal  nor  random;  it is
broadband  and nonlinearly  predictable.  It  is generated  from  dynamic  sources  such  as  fans,  airfoils,  etc.
vailable online 4 November 2013
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Therefore,  a  nonlinear  controller  using  a functional  link  artificial  neural  network  is  proposed  in  a  feedback
configuration  to control  chaotic  noise.  A  series  of synthetic  chaotic  noise  is  generated  for  performance
evaluation  of  the  algorithm.  It is shown  that  the  proposed  nonlinear  controller  is capable  to  control  the
broadband  chaotic  noise  using  feedback  ANC  which  uses  only  one  microphone  whereas  the conventional
filtered-X  least  mean  square  (FXLMS)  algorithm  is incapable  for controlling  this  type  of  noise.
haotic noise

. Introduction

Active noise control (ANC) [1–3] is becoming an interesting
esearch topic for the past few decades due to the concern on the
dverse effect of acoustic noise due to the rapid growth of popula-
ion and machineries. Passive noise control techniques work well at
igh frequencies, but are ineffective or impractical at low frequen-
ies. The ANC is an alternative, wherein an anti-noise is generated
o kill the undesired noise by using the principle of destructive
nterference. The controller of the ANC systems can be either non-
daptive or adaptive depending on the properties of the noise
eld. The amplitude and frequency of the unwanted noise does not
emain constant in practical situations. The noise may  distort with
he change in the environmental conditions like pressure, temper-
ture and component aging, etc. Therefore, for the effectiveness of
he ANC system to these changed conditions, the controller needs
o be adaptive. The ANC system is further classified as feedforward
nd feedback depending upon the availability of the coherent ref-
rence input. In feedforward ANC systems, the reference input is
rovided by a reference microphone. But in feedback ANC, there

s no reference microphone and the reference input is estimated
rom the error microphone signal. The drawback of the feedfor-
ard ANC system is that because of the presence of the reference

icrophone, the secondary source (loudspeaker) output may  get

eedback to the reference microphone signal and it may  degrade
he performance of the ANC system. But since there is no reference
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microphone in feedback ANC, there is no such feedback of the sec-
ondary source output. Another drawback of the feedforward ANC
system is that, if there are multiple noise sources, then multiple
reference microphones are required to provide multiple reference
inputs and multiple adaptive filters are required for the adapta-
tion purpose of each input. So in such cases, the system becomes
complicated and also costly. But in feedback ANC system, there
is no reference microphone, and hence only one adaptive filter is
required. Therefore, it is computationally efficient and economical
for multiple references.

Feedback ANC is mainly used for predictable noise which is
tonal [4–6] and it cannot be used for random broadband noise.
However, another type of noise which is called chaotic noise has
gained importance these days. No work has been reported as yet
where feedback ANC is used for controlling chaotic noise which
is broadband in nature. The chaotic noise is a nonlinear determi-
nistic noise and is generated from dynamic systems such as fans,
blowers, grinders and airfoils, etc. [7–14]. Furthermore, the sec-
ondary path, which is the path from the output of the controller till
the error microphone input, shows non-minimum phase response.
This imposes the ANC to act as a predictor. This is because, the sec-
ondary path is placed after ANC block and hence ANC ultimately
has to model the inverse of the secondary path. If the secondary
path is non-minimum phase, whose inverse does not exist, but
a causal inverse exists, forces the ANC to be predictable. There-
fore, a chaotic noise which is nonlinearly predictable noise can
be controlled by a nonlinear controller. Conventional ANC systems

with linear controller using filtered-x least mean square (FXLMS)
algorithm provides poor performance, and sometimes even fail to
control such type of noise. Therefore, for the mitigation of chaotic
noise, nonlinear controllers are employed which provide better
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esult than that obtained with linear controllers. Researchers have
roposed various nonlinear controllers such as radial basis func-
ion neural network [7], artificial neural networks (ANN) [8–11],
unctional link artificial neural networks (FLANN) based on trigono-

etric [13,16–18] or piecewise linear functional expansions [15],
unctional link neural networks (FLNN) [20] and adaptive Volterra
lters [12], bilinear filter [21], etc. ANC systems with the FLANN
sing filtered-s least mean square (FSLMS) algorithms are more
dvantageous than the ANC systems using Volterra filtered-x least
ean square (VFXLMS) algorithms because of their better per-

ormance and less computational complexity. However, the ANC
ystems developed with these nonlinear controllers are feedfor-
ard systems with logistic chaotic noise as the input signal.

Behavior of acoustic noise as chaotic has been studied in many
apers. Few of them are cited here. Sound generated aerodynami-
ally has chaotic property which has been shown in [22]. Frequency
pectra of acoustic ambient noise in ocean and their sources are
hown in [23]. Acoustic chaos and nonlinear dynamics have been
nvestigated in [24–26]. Results of experimental investigation of
haotic sound waves are shown in [27]. Control of chaotic motion
f a airfoil is presented in [28]. In [29], numerical study of sound
mission by 2D regular and chaotic vortex configurations has been
ade. Study of wave chaos in acoustics and elasticity is presented

n [30].
It is apparent from the literature survey that the acoustic/sound

aves can be chaotic which means these may  be nonlinearly deter-
inistic. Therefore, there is a need of actively controlling these

oise and hence in this paper, a feedback ANC system is proposed
ased on the FSLMS algorithm for controlling nonlinear noise pro-
ess i.e. logistic chaotic noise. In addition, a series of modified
ogistic chaotic noises are generated for the simulation study with
he proposed algorithm. For every type of noise, the response of the
roposed algorithm is compared to the FXLMS based one.

Organization of the paper is as follows. Section 2 presents the
athematical formulation of a series of modified logistic chaotic

oises and their characterization. The proposed nonlinear control
lgorithms are presented in Section 3. Section 4 deals with the
xhaustive computer simulation. Section 5 concludes the paper.

. Chaotic noise

Chaotic signal has been an important topic of research these
ays in communication engineering. As chaotic signals are typ-

cally broadband, random-like and difficult to predict, they are
tilized for masking information-bearing waveforms such as mod-
lating waveforms in spread spectrums systems. However, the
coustic noise generated from dynamic systems can also be chaotic
n nature. It has been shown in [7,11–13,19] that noise generating
rom fans, airfoils, etc. are chaotic in nature. In all these papers,
he logistic chaotic noise has been used for evaluating the perfor-

ance of their nonlinear controllers. The equation representing the
ogistic chaotic noise [13] is as follows

(n) = � x(n − 1)[1 − x(n − 1)] (1)

ith � = 4 and x(0) = 0.9, n = 1, 2, 3, . . .
In this noise, the next state depends only on its present state. The

equence generated from Eq. (1) is named as logistic chaotic noise
. Therefore, a one step predictor can predict the noise. However,
here may  be cases where the next state depends on the past states.
ccordingly, Eq. (1) is modified to generate various other types of
oise series.

For example:

The equation representing the modified logistic chaotic noise 2

s

(n) = � x(n − 2)[1 − x(n − 2)], n = 2, 3, 4, . . . (2)
mputing 15 (2014) 80–87 81

with � = 4, and x(n) = 0.9, if 0 ≤ n ≤ 1.
The equation representing the modified logistic chaotic noise 3

is

x(n) = � x(n − 3)[1 − x(n − 3)], n = 3, 4, 5, . . . (3)

with � = 4, and x(n) = 0.9, if 0 ≤ n ≤ 2.
The equation representing the modified logistic chaotic noise 4

is

x(n) = � x(n − 4)[1 − x(n − 4)], n = 4, 5, 6, . . . (4)

with � = 4, and x(n) = 0.9, if 0 ≤ n ≤ 3.
The equation representing the modified logistic chaotic noise 5

is

x(n) = � x(n − 5)[1 − x(n − 5)], n = 5, 6, 7, . . . (5)

with � = 4, and x(n) = 0.9, if 0 ≤ n ≤ 4.
The equation representing the modified logistic chaotic noise 6

is

x(n) = � x(n − 6)[1 − x(n − 6)], n = 6, 7, 8, . . . (6)

with � = 4, and x(n) = 0.9, if 0 ≤ n ≤ 5.
For comparison purpose, the tonal noise is generated by the

equation

x(n) = sin
(

2�fn

fs

)
(7)

where f = 500 Hz and the sampling frequency fs = 10, 000 Hz.
And the uniform random noise is generated between −0.5 and

0.5 using Matlab function

x(n) = (rand − 0.5) (8)

2.1. Properties

Phase plots: To analyze the chaoticness of the signals, the phase
plots of the logistic chaotic noise 1 and its modified versions are
plotted in Fig. 1 where the sample x(n) is plotted against the delayed
sample x(n − 1). Fig. 2(a) and (b) represents the phase plots of tonal
and random noise respectively for comparison purpose.

From Fig. 1, it is seen that the phase plot of the logistic chaotic
noise 1 has dense periodic orbits which means the points on the
orbit are approached randomly. This also indicates that, a chaotic
noise has a set of stable states, but these states are not period-
ically repeated as is seen in tonal noise case. But random signal
doesn’t display any such periodic orbits in the phase plot as shown
in Fig. 2(b) where the points on the phase plot are scattered and
don’t form any particular pattern. The phase plot of tonal noise
has an orbit. But the points on the phase plot of tonal noise are
approached sequentially on the same orbit, which means they are
neither random nor chaotic. Therefore, from the above discussion,
it is clear that for a signal to be chaotic, the points on the phase space
should lie within a particular pattern, i.e. they are neither randomly
nor sequentially approached. The phase plots of the modified ver-
sions of the logistic chaotic noise 1 contain square, rectangular and
parabolic patterns and are thus chaotic.

Time domain: In time domain all these noises are plotted for
10 samples in Fig. 3 to see their stable states. It is found that in
case of original logistic chaotic noise 1, there is no repetition in
consecutive samples, where as the dependence with the delayed
sample increases as the consecutive samples are repeated in the
chaotic noises 2–6. This may  be treated as sampling the same steady
state at a higher sampling rate. However, better chaotic noise can

be derived which would not have these repetitions. This is kept for
the scope of the future research.

Frequency content: All these above chaotic noises are plot-
ted in frequency domain using Welch power spectral density
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Fig. 1. Phase plots of (a) logistic chaotic noise 1, (b) modified logistic chaotic noise 2, (c) modified logistic chaotic noise 3, (d) modified logistic chaotic noise 4, (e) modified
logistic chaotic noise 5 and (f) modified logistic chaotic noise 6.

Fig. 2. Phase plots of (a) tonal no

Fig. 3. Time domain plots of (a) logistic chaotic noise 1, (b) modified logistic chaotic
noise 2, (c) modified logistic chaotic noise 3, (d) modified logistic chaotic noise 4,
(e) modified logistic chaotic noise 5 and (f) modified logistic chaotic noise 6.
ise and (b) random noise.

estimate. It was  found that the logistic chaotic noise 1 is
highly broadband. The modified logistic chaotic noises 2–6 are
mostly broadband with some frequency notches as shown in
Fig. 4.

Practical noise: It is very important to know whether a pre-
dictable noise is chaotic or not. To know this the simplest test is the
phase plot. It is shown in [19], through phase plot that the airfoil
noise shows chaotic property. Other recorded noise can be tested
with different sampling frequencies. This is kept for our future
work.

3. Proposed FLANN based feedback ANC

The FLANN has been previously applied to feedforward ANC
[13,17,19]. In this section, the FLANN algorithm is suitably modified

to be used in a feedback ANC configuration. The block diagram of
the proposed feedback ANC is shown in Fig. 5 where xc(n) repre-
sents the chaotic noise at the canceling point. The ANC output f(n) is
acoustically mixed with the undesired noise xc(n) and the residual
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Fig. 4. Power spectral density plots of (a) logistic chaotic noise 1, (b) modified logis-
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ic  chaotic noise 2, (c) modified logistic chaotic noise 3, (d) modified logistic chaotic
oise 4, (e) modified logistic chaotic noise 5 and (f) modified logistic chaotic noise
.

oise is sensed by the error microphone e(n) which is represented
s

(n) = xc(n) + f (n) (9)

here

 (n) = fc(n) ∗ s(n) (10)

*” denotes convolution operation, s(n) is the impulse response of
he secondary path [1].

fc(n) is the output of the FLANN based ANC which is computed
s follows

c(n) =
2M+1∑

fm(n) (11)

m=1

here

m(n) = sT
m(n)wm(n), n = 1, 2, 3, . . .,  2M + 1 (12)

Fig. 5. Block diagram of proposed feedb
mputing 15 (2014) 80–87 83

and M is the order of the functional expansion. sm(n) is the input
signal vector of mth subfilter of the FLANN based adaptive con-
troller and wm(n) is the corresponding time varying weight vector
and are expressed as

wm(n) = [wm,0(n) wm,1(n) . . . wm,N−1(n)]T (13)

and

sm(n) = [sm(n) sm(n − 1) . . . sm(n − N + 1)]T (14)

where N represents the memory size of each sub-filter. Here for
1 ≤ p ≤ M,  each element of Sm(n) can be computed as

sm(n) =

⎧⎪⎨
⎪⎩

x̂c(n), m = 1

sin[p�x̂c(n)], m is even

cos[p�x̂c(n)], m is odd

(15)

where 1 ≤ p ≤ M and 1 ≤ m ≤ 2M + 1. The estimated reference input
x̂c(n) is computed as

x̂c(n) = e(n) − f̂ (n) (16)

f̂ (n) is obtained by filtering fc(n) through the secondary path esti-
mate transfer function Ŝ(z) (ŝ(n) being its impulse response) as
follows

f̂ (n) = fc(n) ∗ ŝ(n) (17)

The weights of the FLANN based adaptive filter are updated as
follows

wm(n + 1) = wm(n) − �m s′
m(n) e(n) (18)

where �m represents the step size of the mth adaptive filter and
s′

m(n) represents the filtered output of the functionally expanded
estimated reference signal through the secondary path estimate
transfer function Ŝ(z) and the input signal vector sm(n) and is
expressed as

s′
m(n) = sm(n)Ŝ(z) (19)
In the previously proposed algorithm [13], the reference signal
was available. Therefore, there was  no need to estimate it. But in this
proposed model, the reference signal is estimated from the error
microphone signal. This algorithm can be approximately modified

ack ANC for chaotic noise control.
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Fig. 6. (a) Mean square error in dB plot and (b) power spectral density (PSD) plot of the logistic chaotic noise 1.
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Fig. 7. (a) Mean square error in dB plot and (b) power spe

o incorporate other nonlinear control structures such as artificial
eural network (ANN) [8–11], Volterra series [12] and piecewise

inear expansions [15].

. Simulations and results

In this section, the simulation experiments are conducted to
valuate the effectiveness of the proposed algorithm with the
ogistic chaotic noise 1 and its modified versions. In all these exper-

ments, the secondary path transfer function is considered to be
(z) = z−2 + 1.5z−3 − z−4. The order of the functional expansion is
onsidered as either M = 1 or M = 2 and the memory size is assumed
o be N = 50. The result is then compared with the conventional

Fig. 8. (a) Mean square error in dB plot and (b) power spectral d
ensity (PSD) plot of the modified logistic chaotic noise 2.

FXLMS algorithm. The step size for the FXLMS algorithm is chosen
to be � = 0.0001 and for both the first and second order of the func-
tional expansion, the step size is taken to be �m = 0.0001 for m ≥ 1.

Experiment 1: In this experiment, the performance of the FXLMS,
first order FLANN and second order FLANN algorithms are com-
pared. The noise to be controlled is chosen as a logistic chaotic
noise 1 generated using (1), being normalized to have zero mean
and signal power to 2, where x(0) = 0.9, and � = 4. The power spec-
tral density plot of the noise when ANC is OFF and when ANC (using

FXLMS, FSLMS (M = 1) or FSLMS (M = 2)) is ON is plotted. Fig. 6(a)
shows the comparative mean square error in dB plot and Fig. 6(b)
shows the comparative power spectral density plot when logistic
chaotic noise 1 is used in the simulation.

ensity (PSD) plot of the modified logistic chaotic noise 3.
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Fig. 9. (a) Mean square error in dB plot and (b) power spectral density (PSD) plot of the modified logistic chaotic noise 4.
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Fig. 10. (a) Mean square error in dB plot and (b) power sp

It is found that, the FLANN (M = 2) outperforms the FLANN (M = 1)
nd FXLMS algorithm. FXLMS being a linear controller is incapable
f predicting the nonlinear noise process such as chaotic noise,
hereas the FLANN (M = 1) and FLANN (M = 2) are nonlinear con-

rollers, with later being more nonlinear performs better than the
ther two algorithms.

Experiment 2: In this experiment, the desired noise is modified
ogistic chaotic noise 2 with the relation (2) being normalized to
ave zero mean and signal power 2. Fig. 7(a) shows the comparative
ean square error in dB plot and Fig. 7(b) shows the power spectral
ensity (PSD) plot of the noise before and after cancelation when
he modified logistic chaotic noise 2 was used in the simulation.

From this experiment, it was found that for a type of noise like
odified logistic chaotic noise 2, the FXLMS doesn’t converge at

Fig. 11. (a) Mean square error in dB plot and (b) power spectral 
density (PSD) plot of the modified logistic chaotic noise 5.

all. However, both FLANN (M = 1) and FLANN (M = 2) are converged.
This shows that the nonlinear control algorithm is capable of pre-
dicting this type of chaotic noise better than the chaotic noise used
in the Experiment 1. The PSD plot in Fig. 7(b) also shows the effi-
ciency of the FLANN based controller to control the broadband
noise.

Experiment 3: In this experiment, the desired noise is modified
logistic chaotic noise 3, generated using (3) being normalized to
have zero mean and signal power to 2. Fig. 8(a) shows the mean
square error in dB plot and Fig. 8(b) shows the power spectral

density (PSD) plot of the modified logistic chaotic noise 3.

Like experiment 2, this noise is also quite predictable by nonlin-
ear function and unpredictable by linear function. This is evident
from Fig. 8(a) and (b) that the FLANN controllers are capable of

density (PSD) plot of the modified logistic chaotic noise 6.
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ig. 12. Mean square error in dB plot for the change in the signal power after 50,000
ogistic chaotic noise 3, (d) modified logistic chaotic noise 4, (e) modified logistic ch

ontrolling the noise over a wideband whereas the conventional
XLMS doesn’t show any evidence of noise reduction.

Experiment 4: In this experiment, the noise to be controlled is
hosen as the modified logistic chaotic noise 4, generated using (4)
eing normalized to have zero mean and signal power to 2. Fig. 9(a)
hows the mean square error in dB plot and Fig. 9(b) shows the
ower spectral density (PSD) plot under modified logistic chaotic
oise 4 case.

It was shown in Fig. 9(a) that the noise controlling capacity of

LANN controller for modified logistic chaotic noise 4 is better than
odified logistic chaotic noise 3 which shows that the noise control

s highly dependent on the noise characteristic. This also shows that
he linear controller is incapable of controlling such noise.
ions of (a) logistic chaotic noise 1, (b) modified logistic chaotic noise 2, (c) modified
noise 5, and (f) modified logistic chaotic noise 6.

The PSD plot in Fig. 9(b) shows the effectiveness of the proposed
algorithm to control this type of noise.

Experiment 5: In this experiment, the desired noise is modified
logistic chaotic noise 5, generated using Eq. (5) with zero mean and
signal power normalized to 2. Fig. 10(a) shows the mean square
error in dB plot and Fig. 10(b) shows the power spectral density
(PSD) plot while controlling modified logistic chaotic noise 5.

Like the previous experiments, the FLANN controller also
showed improve performance compared to the FXLMS based con-

troller both in terms of mean square error and PSD plots.

Experiment 6: In this experiment, the desired noise is modified
logistic chaotic noise 6, generated using Eq. (6) with zero mean and
signal power normalized to 2. Fig. 11(a) shows the mean square
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ig. 13. Mean square error in dB plot for change in the primary noise from logistic
haotic noise 1 to modified logistic chaotic noise 2 after 50,000 iterations.

rror in dB plot and Fig. 11(b) shows the power spectral density
PSD) plot of the modified logistic chaotic noise 6.

Both these plots showed improved noise reduction capability
or FLANN based controllers, but not for FXLMS controller.

Experiment 7: In this experiment, the adaptation capability of the
roposed model to the change in power of noise to be controlled

s studied. The logistic chaotic noise 1 with zero mean and signal
ower normalized to 2 was used up to 50,000 samples and after
hat the power of the signal is changed to half of its initial power.
he same experiment is conducted for all rest 5 modified logistic
haotic noise sequences to check the adaptation capability of the
roposed model. Fig. 12 shows how the proposed model is able to
dapt to the change in the signal power after 50,000 iterations.

Experiment 8: In this experiment, the adaptation capability of
he proposed model is checked by changing the noise type after
0,000 iterations. The desired noise was logistic chaotic noise 1
enerated using Eq. (1), with zero mean and signal power nor-
alized to 2. After 50,000 iterations, the signal is changed to
odified logistic chaotic noise 2 of Eq. (2) with zero mean and

ignal power is normalized to 2. Fig. 13 shows how the proposed
odel is able to adapt to the change in noise type after 50,000

terations.

. Conclusions

This paper focused on the development of a nonlinear feedback
NC system based on the FLANN based algorithm for controlling the
onlinear noise like chaotic noise and a series of modified chaotic
oise sequences. Simulation experiments were conducted to eval-
ate the performance of the proposed algorithm. It was found that
he proposed algorithm obtains better result and in most cases out-
erforms the conventional FXLMS algorithm for all the 6 chaotic
oise sequences. This algorithm may  be tested with some recorded
oise to check the effectiveness of the algorithm to the practical
oises.
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