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ABSTRACT

In conventional active noise control (ANC) system, the
primary noise is attenuated over the frequency band of
interest based simply on the error signal, which does not
take into account the human perception of noise. Hence,
researchers have developed psychoacoustic ANC system to
improve its noise reduction performance  from
psychoacoustic point of view. However, in this
psychoacoustic ANC system, there may be a disturbance that
is uncorrelated with the primary noise at the error sensor,
which can severely degrade the system’s noise reduction
performance. Hence, in this paper, a psychoacoustic hybrid
ANC system is proposed, which can simultaneously control
both the correlated primary noise and uncorrelated
disturbance from psychoacoustic point of view. Loudness is
used as the psychoacoustic criterion for evaluating the
system’s noise reduction performance. Simulation results
show the effectiveness of the proposed psychoacoustic
hybrid ANC system.

Index Terms— Active noise control, Loudness,
Psychoacoustic active noise control, Hybrid active noise
control, Psychoacoustic hybrid active noise control

1. INTRODUCTION

Active noise control (ANC) [1, 2] is a well-developed
technique for reducing low-frequency acoustic noise (< 500
Hz), where traditional passive methods, such as enclosures
and barriers, are bulky, costly and ineffective. ANC is based
on the principle of superposition and aims to cancel out the
undesired acoustic noise (or primary noise), by generating
an “anti-noise” that has equal amplitude and opposite phase
as the primary noise. Thus, when this anti-noise is combined
with the primary noise, destructive interference between
them results in noise cancellation around the error sensor.
Although many different types of adaptive algorithms,
which are generally based on the error signal, have been
developed to improve the performance of ANC system in
literature, ultimately, ANC must still be designed based on
how humans perceive noise. The conventional ANC system
relies on the mean square error (MSE) as the criterion in the
adaptive filtering algorithms, and thus, the noise is reduced
by minimizing the variance of the error signal between the
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primary noise and anti-noise. Since this scheme treats
different frequency components of the noise identically, it
does not match with our human auditory system, which
performs frequency selective processing [3]. Hence,
different frequency components of the noise should be
processed differently in the ANC system to match the
behavior of our human auditory system.

Psychoacoustic models [4] have been incorporated into
ANC systems to better match the perceived noise level in the
human auditory system. In [5], Gan proposed an ANC
system with equal-loudness compensation for the adaptive
active noise equalizer (ANE). In [6], the filtered-error least-
mean-square (FELMS) algorithm was applied to the ANC
system so that noise weighting can be incorporated. Based
on the FELMS algorithm, researchers have developed
psychoacoustic ANC system [7, 8, 9]. Also, loudness, which
can be calculated according to [10], is used as the criterion
to evaluate the noise reduction performance of the system.

However, all the above proposed psychoacoustic ANC
systems are based on the feedforward structure. Hence, their
performances will be severely degraded in the presence of
an uncorrelated disturbance at the error sensor, which can
happen in many real-world ANC applications. Being
uncorrelated with the primary noise, this uncorrelated
disturbance cannot be controlled by ANC of feedforward
structure. Related examples can be found in [11] and [12].

Therefore, in order to improve the performance of the
psychoacoustic ANC system in the presence of an
uncorrelated disturbance appearing at the error sensor,
hybrid ANC system [13] is utilized, which consists of both
feedforward and feedback adaptations. Feedforward
adaptive filter is used to control the correlated noise level,
while feedback adaptive filter is used to cancel the
uncorrelated disturbance based on an internally generated
reference signal. Hence, in this paper, we propose a
psychoacoustic hybrid ANC system that can reduce both
correlated primary noise and uncorrelated disturbance, based
on the loudness perception of human beings.

The rest of this paper is organized as follows. In Section
2, the conventional psychoacoustic ANC system is
introduced and the associated problem is described. The
proposed psychoacoustic hybrid ANC system is presented in
Section 3. Simulation results are shown in Section 4 to
verify the performance improvement of the proposed ANC
system. Section 5 concludes this paper.
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Figure 1: Block diagram of the conventional psychoacoustic
ANC system

2. PSYCHOACOUSTIC ANC SYSTEM

Figure 1 shows the block diagram of the conventional
psychoacoustic ANC system. In this system, P(z) represents

the transfer function of the primary path, which is the
acoustic response from the reference sensor to the error
sensor, and S(z) represents the transfer function of the

secondary path, which is from the secondary loudspeaker to
the error sensor including all the electrical and acoustical
signal transmission paths.

The primary noise d(n) is obtained by transmitting the

reference noise x(n) from the noise source through the
primary path P(z). The anti-noise y, (n) is obtained by
transmitting the output
filter W (z) through the secondary path S(z). d(n)and y, (n)

interfere with each other destructively, and the error
signal e(n)is captured by the error sensor and feed back to

signal y(n) of the adaptive

the controller to update the coefficients of the adaptive
filter W (z) as follows:

w(n+1) = w(n) + ux'(n)e'(n), (1)
where 4 is step size for the FXLMS algorithm, and
x'(n) = $(n) * x(n) (2)

is the filtered reference noise. §(n) is the impulse response of

the secondary path estimate S’(Z). The filtered error
signal €'(n) is calculated as
¢'(n) = e(n) c(n), 3)
where e(n) is the error signal, which is also known as the
residual noise, and c¢(#n) is the impulse response of the noise
weighting filter C(z).
In order to reflect the frequency response of the human
auditory system, the noise weighting filter C(z) needs to be

carefully  selected. However,  the  conventional
psychoacoustic ANC system will suffer from severe
performance degradation when an uncorrelated disturbance
is present at the error sensor.
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Figure 2: Block diagram of the conventional hybrid ANC
system

3. PROPOSED PSYCHOACOUSTIC HYBRID ANC
SYSTEM

To solve the problem of the conventional psychoacoustic
ANC system mentioned above, hybrid ANC system can be
utilized. The block diagram of the conventional hybrid ANC
system is shown in Fig. 2 above. But in the conventional
hybrid ANC system, noise is attenuated based on the sound
pressure level at the error sensor and not based on the
subjective loudness level. To better match the behavior of
our human auditory system, loudness measures should be
included in the conventional hybrid ANC system.

Hence, a combination of the FELMS algorithm used in
the conventional psychoacoustic ANC system and the hybrid
ANC system can be developed to take into account the
loudness level of both primary noise and uncorrelated
disturbance. The block diagram of the proposed
psychoacoustic hybrid ANC system is shown in Fig. 3 below.

The proposed psychoacoustic hybrid ANC system is
formed by inserting three identical ~A-weighting
filters C(z) [14] into the conventional hybrid ANC system.

These filters are inserted in the error signal path, and at the
reference signal paths of feedforward and feedback sections.
Basically, these A-weighting filters mimic human hearing
response to give different weightings to different frequency
components in the noise signal. In this paper, loudness
representing the sound intensity in human’s ear is selected as
the psychoacoustic criterion to evaluate the system’s noise
reduction performance. To define loudness, the level of 40
dB of a 1 kHz tone is proposed to give the reference for
loudness of 1 sone. The loudness can be quantitatively
calculated by using the following equation:
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Figure 3: Block diagram of the proposed psychoacoustic
hybrid ANC system

24 Bark
L= j N'dz, (4)

0
where N’ is the specific loudness, i.e., the loudness in a
specific critical band, which is measured in units of
sone/bark. Bark is the unit used to define the scale
corresponding to the 24 critical bands of human hearing.
Thus, the overall loudness L is the integral of specific

loudness over all critical bands.

Hence, in our proposed ANC system, different
weightings are given to different frequency components of
the error signals in both feedforward and feedback sections,
so that the selective sensitivity of our human auditory system
is considered. The coefficients of the two adaptive
filters W, (z) and W, (z) are updated as follows:

w,(n+1) =W, (1) + x| (m)e](n), “
w,(n+1) =w,(n)+ 1,x,(n)e,(n),
where for the feedforward adaptive filter /7, (z) and feedback
adaptive filter W, (z), respectively, w,(n) and w,(n) are the
filter

sizes, X;(n) and x,(n) are the filtered reference signals,

coefficients, 4 and u, are the step-

and e/(n) and e, (n) are the filtered error signals.

4. SIMULATION RESULTS

To verify the performance improvement of our proposed
psychoacoustic hybrid ANC system, we need to compare it
with the conventional hybrid ANC system and conventional
psychoacoustic ANC system, respectively.

In our simulation, the sampling frequency is set at 44.1
kHz. Both the correlated primary noise d(n) and the
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uncorrelated disturbance v(n) are assumed to be multi-tone
noise, where d(n) consists of frequency components of 0.2,
0.3, 1, 2, and 3 kHz, and v(n) consists of frequency
components of 0.15, 0.25, 0.9, 1.5, and 2.5 kHz. The two
adaptive filters used in our proposed ANC system have
identical length of 32 taps.

The spectra of the residual noise with ANC OFF,
conventional hybrid ANC ON, conventional psychoacoustic
ANC ON and proposed psychoacoustic hybrid ANC ON are
shown in Fig. 4(a), (b), (c) and (d), respectively. All the
three systems are able to attenuate the noise.

Table 1 below shows the performance comparison
between the conventional hybrid ANC system, the
conventional psychoacoustic ANC system and the proposed
psychoacoustic hybrid ANC system. In Table 1
below, d(n) +v(n) is the total noise at the error sensor when

the ANC system is OFF, which is the summation of the
primary noise and the uncorrelated disturbance;e, (n)is the

residual noise of the conventional hybrid ANC system;
e,(n) is the residual noise of the conventional
psychoacoustic ANC system; and e, () is the residual noise

of our proposed psychoacoustic hybrid ANC system.

Table 1: Performance comparison of conventional hybrid
ANC system, conventional psychoacoustic ANC system and
proposed psychoacoustic hybrid ANC system

SPL (dB) Loudness (sone)
d(n) + v(n) 75.00 34.79515
en(n) 31.23 2.330905
ey(n) 39.44 4.518348
e,n(n) 35.98 1.663865
4.1. Performance improvement of the proposed
psychoacoustic  hybrid ANC system over the

conventional hybrid ANC system

From both Fig. 4(b) and (d) and Table 1, we can find that
the conventional hybrid ANC system generates a residual
noise with smaller SPL value compared to our proposed
psychoacoustic hybrid ANC system. However, by
comparing the 3™ row and 5" row in Table 1 above, we can
find that our proposed psychoacoustic hybrid ANC system
generates a residual noise that is perceived softer in sone
than the conventional hybrid ANC system. This is due to the
fact that our proposed ANC system takes into account the
frequency selectivity of the human auditory system.

4.2. Performance improvement of the
psychoacoustic  hybrid ANC system
conventional psychoacoustic ANC system

proposed
over the

From Fig. 4(c) and (d), we can find that the conventional
psychoacoustic ANC system is not able to attenuate the
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Figure 4: Residual noise (correlated primary noise(solid line)
+ uncorrelated disturbance(dotted line)) (a) when the ANC
is OFF, (b) when the conventional hybrid ANC is ON, (c)
when the conventional psychoacoustic ANC is ON and (d)
when the proposed psychoacoustic hybrid ANC is ON

uncorrelated disturbance v(n), but our proposed ANC

system is able to. Hence, if the uncorrelated disturbance is
significant compared to the primary noise, then our proposed
ANC system should generate a residual noise that has
smaller SPL value and is perceived softer compared to the
conventional psychoacoustic ANC system. This can be
easily verified by comparing the 4™ row and 5™ row in Table
1 above. Hence, our proposed ANC system is able to
attenuate both the correlated primary noise d(n) and the

uncorrelated disturbance v(n), as well as taking into account
the frequency selectivity of the human auditory system.
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5. CONCLUSIONS

Conventional hybrid ANC system does not consider the fact
that our human auditory system has a non-uniform frequency
response. Hence, in this paper, by using the FELMS
algorithm in the conventional hybrid ANC system, a
psychoacoustic hybrid ANC system was proposed, which
can improve the system’s noise reduction capability from
psychoacoustic point of view. Also, the proposed ANC
system can control both the correlated primary noise and
uncorrelated  disturbance. Loudness is used as the
psychoacoustic criterion for evaluating the system’s noise
reduction performance. Simulation results show the superior
performance of the proposed psychoacoustic hybrid ANC
system over both the conventional hybrid ANC system and
conventional psychoacoustic ANC system.

6. REFERENCES

[1] S. M. Kuo and D. R. Morgan, Active Noise Control Systems —
Algorithms and DSP Implementations, New Y ork: Wiley, 1996.

[2] S. M. Kuo and D. R. Morgan, “Active noise control: A tutorial
review,” Proc. IEEE, vol. 8, no. 6, pp. 943-973, Jun. 1999.

[3] H. Fastl, E. Zwicker, Psychoacoustics: Facts and Models 3
Edition), Springer, 2006.

[4] W. R. Saunders and M. A. Vaudrey, “Active noise control
systems: Designing for the human auditory system,” Proc. Noise-
Con 1996, pp. 385-390.

[5] W. S. Gan, S. M. Kuo and J. W. Feng, “Adaptive Noise
Equalizer =~ with  Equal-Loudness = Compensation,”  [EEE
International Symposium on Circuits and Systems, pp. 276-279,
23-26 May 2005.

[6] S. M. Kuo and J. Tsai, “Residual noise shaping technique for
active noise control systems,” J. Acoust. Soc. Am., vol. 95, issue 3,
pp. 1665-1668, Mar. 1994.

[7]1 S. Sommerfeldt T. Samuels, “Incorporation of loudness
measures in active noise control,” J. Acoust. Soc. Amer., vol. 109,
no. 2, pp. 591-599, Feb. 2001.

[8] H. Bao and I. Panahi, “Using A-weighting for psychoacoustic
active noise control,” in Engineering in Medicine and Biology
Society, 2009. EMBC 2009. Annual International Conference of
the IEEE, Vancouver, Canada, 2009, pp. 5701-5704.

[9] H. Bao and I. Panahi, “Psychoacoustic active noise control
based on delayless subband adaptive filtering,” in Proc. ICASSP,
2010, pp. 341-344.

[10] ISO 532B, “Acoustics — Method for calculating loudness
level,” International Organization for Standardization, 1975.

[11] S. M. Kuo and W. S. Gan, “Active noise control systems with
optimized secondary path,” in Proc. IEEE Int. Conf. Control
Applic., Sep. 2004, pp. 765-770..

[12] S. M. Kuo and M. Ji, “Passband disturbance reduction in
periodic active noise control systems,” /EEE Trans. Speech Audio
Process., vol. 4, no. 2, pp. 96-103, Mar. 1996.

[13] D. C. Swanson, “Active noise attenuation using a self-tuning
regulator as the adaptive control algorithm,” in Proc. InterNoise,
1989, pp. 467-470.

[14] ANSI Standards S1.42-2001.



