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Configuring fixed-coefficient active control systems for traffic noise reduction
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Practical implementation of active noise control (ANC) systems for outdoor traffic noise reduction
remains rare. One challenge is the difficulty of configuring an ANC controller due to moving noise
sources, which are typically located far from ANC systems. In this paper, a pseudo noise source method
is proposed for configuring fixed-coefficient feedforward ANC systems for traffic noise control. First,
a minimum of one pseudo noise source is placed near an ANC system to determine the control
coefficients in the tuning stage. Second, the ANC systems are run to reduce the noise from far-field
traffic noise sources using the optimal control coefficients in the cancelling stage. The feasibility and
limitations of the proposed method are investigated by illustrating the effect of the pseudo noise source
position on the noise reduction performance of the ANC system. The simulation results show that the
performance of the ANC system increases with distance when the pseudo noise sources move farther
from the system but approaches a constant when the pseudo noise sources are in the far field. The indoor
experimental results are consistent with the simulation results. The outdoor experimental results of a
six-channel coupled system show a noise reduction of 3 dB below 500 Hz at the position of a dummy
head.
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1. Introduction

Traffic noise is generally random, non-stationary, broadband, and detected in large unconfined
spaces, which render it hard to control [1]. Noise barriers have been extensively employed to reduce
traffic noise from highways [2]. In addition to regular rigid barriers [3], various modifications have
been proposed to improve the noise reduction performance of passive noise barriers [4]. For example,
sound absorbing materials have been applied on barrier surfaces facing traffic [5]; a diffracting edge
has been adopted on barrier tops to form T-shape barriers, Y-shape barriers, and barriers with quadratic
diffuser tops [6], and rough surface barriers have been used to achieve diffusive reflection and wave-
trapping effects that attenuate multiple reflections in parallel noise barriers [4,7]. Recently, a new type
of noise barrier that consists of an array of isolated scatterers has been introduced to reduce
transportation noise [8].

Despite their prevalence, the performance of noise barriers in the lower frequency range is limited
due to the physical size of the barriers [9]. Active noise control (ANC) systems can be employed to
control low-frequency traffic noise in different ways, i.e., by directly creating a quiet zone with an ANC
system [10] or applying an ANC system on top of a passive noise barrier to form an active noise barrier
(ANB) [11]. Many studies have been devoted to the direct application of ANC systems to create quiet
zones. Guo et al. employed multiple control sources to create a quiet zone in a free space [12]. Wright
and Vuksanovic utilized ANC systems to reduce environmental noise by creating an acoustic shadow
of a certain angle with eight secondary sources and microphones in an anechoic room [13].

In contrast to these studies, where the control sources were placed in a linear array to reduce noise
from a single primary noise at a fixed position, Zou et al. developed a virtual sound barrier (VSB)
system, which uses an array of loudspeakers and microphones in a three-dimensional space to create a
quiet zone surrounded by error microphones [14]. Similarly, Epain et al. employed 30 loudspeakers and
microphones to create a quiet zone inside a sphere with a radius of 0.3 m; their results show that
broadband noise can be cancelled in a frequency range up to 500 Hz [15].

These systems have been effective in creating quiet zones in laboratory environments, where a
minimum of one loudspeaker was used to mimic the primary noise sources and the ANC controller was
adaptively adjusted throughout experiments. However, none of the previous studies have been applied
to real outdoor traffic noise control. In practical applications for traffic noise, noise from moving
vehicles is typically located far from the ANC systems; thus, the system cannot be adaptively adjusted
due to the non-stationary signal and relatively low signal-to-noise ratio onsite.

In addition to these direct applications of pure active control methods, ANC systems have also been
applied on top of passive noise barriers to enhance their noise reduction performance. In a 40 m
prototype active soft edge ANB system along a noise barrier, Ohnishi et al. employed humerous single-
channel independent analogue feedback control modules to construct a multichannel ANB system and
achieved 2—4 dB extra noise reduction in the 250 Hz and 500 Hz octave bands [16]. The problem with
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the feedback control system is that it suffers from the waterbed effect and stability issues [17]. To
overcome these problems, Zou et al. proposed a decentralized feedforward control ANB system; their
results show that the system works effectively with both predefined control filter parameters and
adaptive control systems [18].

Feedforward ANC systems have also been utilized to reduce traffic noise transmission through
ventilation windows [19]. Fully-coupled multichannel feedforward systems are complicated and
computationally demanding; therefore, decentralized feedforward systems are often utilized in research
at the cost of inferior performance [20]. To extend feedforward ANC systems to large-scale
applications, different algorithms have been explored to optimize the computational load and
performance in fully-coupled and decentralized feedforward ANC systems [21].

Unfortunately, all of the above studies focused on a single fixed noise source case, which does not
reflect the actual traffic noise scenario, where multiple moving noise sources are simultaneously present.
Multiple moving noise sources hinder the application of active control systems. Uesaka et al. showed
that the performance of a six-channel ANC system degraded when the noise source was mobile [22].
Omoto et al. also demonstrated that their adaptive multichannel ANC systems exhibited inferior
performance for a moving noise source compared with a fixed noise source [23]. In practical
applications of ANC systems in traffic noise reduction, the moving noise sources to be controlled are
usually far from the ANC systems; hence, fixed noise sources do not exist for tuning the controller to
obtain optimal coefficients.

This study is devoted to investigating the applications of fixed-coefficient feedforward ANC
systems in actual traffic noise scenarios. This work is part of a research project on motorway noise
management that combines cancellation and transformational methods to design an aesthetically
pleasing soundscape in parklands near highways. This research focuses on the cancellation aspect; the
transformation system was reported in Ref. [24].

The advantages of adopting fixed-coefficient feedforward ANC systems are their low cost and
robustness. However, the application of adaptive multichannel systems on noise barriers, the length of
which can be hundreds of meters, to control traffic noise remains impractical. To configure a fixed-
coefficient ANC system, a minimum of one pseudo noise source is placed near the ANC system to set
up the control coefficients in the tuning stage. After the controller is configured for this situation, the
control coefficients are fixed, and the ANC system is utilized to cancel the actual noise from far-field
moving noise sources. The performance of the proposed method is numerically and experimentally
investigated. The paper is structured as follows: Section 2 formulates the theoretical equations, and
Section 3 presents the simulation results for both single-channel systems and multichannel systems. The
indoor experiments of single- and multichannel systems, as well as outdoor experiments of a six-
channel system with one reference microphone, are presented in Section 4. The limitations of this study

is discussed in Section 5, and the conclusions are drawn in Section 6.
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2. Theory

This section introduces the fundamental theory and equations for the simulations performed to
investigate the performance of the proposed method. For a multiple-reference multichannel ANC
system, the total sound pressure at the error microphones is the sum of the primary noise and the control
sound, namely, [25]

e(w) = p(w) + Z(w)X(w)q(w), 1)
where p(®) = [pi(®@), p2(®), ..., pu(®)]" and e(w) = [e1(w), e2(w), ..., eL(w)]" denote the primary noise
and the total sound pressure, respectively, at the error microphones. L is the total number of error
microphones, and Z(w) is an L <L matrix of the transfer functions from the L control sources to the L
error microphones, as illustrated in Fig. 1(a). X(w) is a diagonal matrix with signals from the reference
microphones, and g(w) represents the control coefficients. For the sake of brevity and clarity, the

frequency dependency () is omitted in the following context.
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Fig. 1. lllustration of (a) the definition of the transfer function matrix Z for the coupled system, (b) the
definition of the transfer function matrix Z, for the multiple single-channel system, and (c) the block

diagram of the proposed method.

For most noise control applications in large spaces, multiple channels must be employed; however,
implementation with a fully-coupled, multiple-reference, multichannel ANC system is difficult as the

computational complexity rapidly increases with the number of channels. Therefore, two simplified
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systems are investigated in this paper. The first system is an ANB system that has a passive barrier that
can have a length of hundreds of meters, and the second system is designed to create a small quiet area.

The first system consists of multiple single-channel ANC modules, where the control output of each
module is solely determined by the corresponding reference and error signals. The cost function can be
defined as the squared sound pressure at each error microphone [26],

hi=e’e+Biqi"q (2)
where the superscript * denotes the complex conjugate, £ is a regularization factor, and the subscript |
=1, 2, ..., L denotes the I-th channel. The optimal control coefficients can be obtained by minimizing
Eq. (2) as [26]

q = —[(Z:X)"(ZX) + BI 7 (ZoX)"'p, (3)
where the superscript " denotes the Hermitian transpose, | is the identity matrix, #=diag(A, ..., 5 ...,
) is the diagonal matrix of the regularization factors, and Zo is an L <L matrix for which the diagonal
elements are identical to Z while the off-diagonal elements are zero, as illustrated in Fig. 1(b). As
standardized single-channel modules are easily mass-produced, the extension of such a system to
practical noise barriers with a length of hundreds of meters is possible. However, the performance of
this system may not be optimal as the contributions from the other control sources are not considered
when optimizing the control coefficients.

The second system is a coupled multichannel ANC system with one reference microphone, and the
cost function is defined as the sum of the squared sound pressure at all error microphones,

J =efe+pqq, 4
where £ is a regularization factor. The optimal control coefficients for the coupled multichannel ANC
system can be obtained as [26]

q = —[(Z)"(Zx) + p1I 7' (Z0)"p, )
where X is the sound pressure at the reference microphone.

In the traffic noise control scenario, the moving noise sources to be controlled are typically located
far from the ANC system and fixed noise sources do not exist to update the controller. To solve this
problem, one or multiple pseudo noise sources is utilized to set up the optimal control coefficients. A
diagram of the proposed method is illustrated in Fig. 1(c). In the tuning stage, which is shown at top of
the diagram, pseudo noise sources with random noise signals are placed near the ANC system to tune
the control filter coefficients. After the optimal control filter coefficients are obtained from the tuning,
they are fixed to the controller. The controller does not update when the coefficients are used to cancel
the far-field noise in the cancelling stage, as shown on the bottom of the diagram. The effect of the
pseudo noise source position on the performance of ANC systems designed with the proposed method

is investigated in this study.
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In the tuning stage, a pseudo noise source at position rm = (Xm, Ym, Zm), as depicted by the blue
squares in Fig. 2(a), is used to obtain the control coefficients; thus, for systems that consist of multiple
single-channel modules,

Am = —[ZoXm] ™' Pm, (6)
where pm and X denote the sound pressures received at the error microphone and the reference
microphone, respectively, from the pseudo noise source. When multiple pseudo noise sources are
employed, the locations are denoted by rma,..., Fmu, ..., rmu, Where U is the total number of pseudo
noise sources. The regularization factor is assumed to be 0 for the best performance. The objectives of
the simulations are to investigate the feasibility of the proposed method and to examine the best possible
performance. The proposed method is for fixed-coefficient ANC systems; thus, the robustness is not
considered in this study. In the experiments, a leakage factor was applied by the Antysound Tiger ANC-
II controller to increase the robustness of the adaptive algorithm when adjusting the control filter
coefficients for the pseudo noise sources. A leakage factor is equivalent to a regularization factor, which
increases the stability of the ANC system at the cost of a decrease in noise reduction performance [27].

For the coupled multichannel system with one reference microphone,

Um = —[Zxn] " P, @
where pm and Xn denote the pseudo noise source sound pressures received at the error microphone
position and reference microphone position, respectively.

Substituting the optimal control coefficients in Egs. (6) into Eq. (1), and then substituting Eq. (7)
into Eq. (1), the total sound pressure at the error microphones for far-field noise at position ryy (v = 1,
2, ..., V, where V is the total number of primary noise sources, which are depicted by the red squares in
Fig. 2) can be expressed as

e = Pn — ZXy[ZoXim] ' P, (8)
for the system that consists of multiple single-channel modules and

e =Py — 2> Pm. ©)
for the coupled multichannel ANC system with one reference microphone, respectively.

Noise reduction (NR) at the error microphone locations is defined as

). (10)

The proposed method is verified with a single-channel ANC system, and then the performance of the

H
NR = 1010g10 (p;]‘:n

e]’l]’l

two systems is investigated by numerical simulations and experiments. Note that the acoustic feedback
from the control source to its reference microphone may affect the stability of each single-channel ANC
system. Many methods have been explored to solve this issue [27] but they are not considered in this

study.
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Fig. 2. Diagram of a single-channel ANC system configured with (a) one pseudo noise source

Error Microphone

and (b) three pseudo noise sources.

3. Simulations

The numerical simulations were performed in MATLAB R2017a. The three-dimensional free field
Green function Z;; = % where k is the wavenumber, and r; and r; are the coordinates of the i-th
sound source and the j-th receiver, respectively, was employed in the transfer matrix Z [27].

3.1 Single-channel systems

A single-channel system was investigated as it can be implemented as a low-cost device to create a
small quiet zone along a noisy traffic road. The control coefficients of the single-channel ANC system
can be determined using a minimum of one pseudo noise sources, as shown in Fig. 2. In the simulations
for the single-channel system, one pseudo noise source (U = 1) and three pseudo noise sources (U = 3)
were employed, while 13 far-field noise sources (V = 13) were utilized.

In the simulations, the reference microphone location is set as the origin of the coordinate system,
as shown in Fig. 2. The control source and the error microphone are located 0.15 m and 0.3 m,
respectively, from the reference microphone in the negative y direction. In practical traffic noise
situations, many incoherent noise sources exist along a motorway [28]. To simulate this situation, 13
random-phased monopole sources evenly distributed along a line of 60 m were employed, and the
pseudo noise source was placed at numerous positions to investigate the noise reduction performance.
The length of the incoherent primary noise sources (60 m) was selected based on an estimation from
outdoor experiments conducted in a park near a motorway in Richmond, Victoria, Australia.

When a single pseudo noise source is utilized, as shown in Fig. 2(a), the simulation results are
shown in Fig. 3(a) at different frequencies, where the vertical bars indicate the standard deviation of

100 trials. The abscissa in Fig. 3 is the dimensionless number kymLo/do, Where K is the wavenumber, ym
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is the distance between the pseudo noise sources and the ANC system, Lo is the length of the incoherent
primary noise sources, and dp is the distance between the primary noise sources and the ANC system.
In Fig. 3(a), both Loand doare 60 m, whereas in Fig. 3(b), do= 60 m and Lo= 60 m, 120 m, and 240 m.
In the simulations, ym was varied from 0.1 m to 100 m.

Noise reduction approaches a constant when the dimensionless number kymLo/do is larger than 107,
regardless of the frequency (Fig. 3). This finding corresponds to the far-field condition kym >> 7 in Fig.
3(a), where Lo/do = 1. Therefore, the results conclude that the NR increases with distance between the
pseudo noise sources and the ANC system and approaches a constant when the pseudo noise sources
are placed in the far field from the ANC system, i.e., kymLo/do > 10z When the pseudo noise sources
are placed in the far field, the sound pressure at the ANC system can be approximated by plane waves,

which is similar to that from primary noise sources.

40 T 40 —= -
= =4 60 m long noise sources
__f: 100 Hz T - =120 m long noise sources [
- & -f‘: 200 Hz .|- .|- .[ —-EE-—24O m long noise sources .|.
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Fig. 3. NR (dB) as a function of the dimensionless number kymLo/do. (2) NR at different
frequencies when the length of the primary noise sources is 60 m; (b) NR at 100 Hz for different

lengths of primary noise sources.

In practical applications, the actual noise sources on a motorway may exceed 60 m. The simulated
NR at 100 Hz when the length of the incoherent primary noise sources is 120 m and 240 m are illustrated
in Fig. 3(b). NR approaches a constant when the dimensionless number kymLo/do exceeds 107, which
coincides with the results in Fig. 3(a). In addition, the performance of the ANC system deteriorates
when the length of the primary noise sources exceeds 60 m. The maximum NR at 100 Hz for primary
noise sources with lengths of 120 m and 240 m is 20 dB and 15 dB, respectively, which is lower than
that for 60 m noise sources (28 dB). Figure 3 shows that the noise reduction performance of the single-
channel system decreases with increasing frequency. This finding is clearly illustrated in Fig. 5 for NR
as a function of frequency.

The deviation of NR is large in Fig. 3 as the phases of the 13 incoherent noise sources were random

for each run in the simulations. NR depends on the position of the pseudo noise source, the locations of
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the far-field noise sources, and the amplitudes and phases of the far-field noise sources. In the
simulations, the locations of the far-field noise sources were fixed, and the amplitudes of all noise
sources were assumed to be equal. For each pseudo source position, 100 trials of random phases of far-
field noise sources were simulated, and the standard deviations are depicted by the vertical bars in Fig.
3.

The NR for the pseudo noise sources that are not on the y-axis are shown in Fig. 4 for 100 Hz, 300
Hz, 500 Hz, and 1000 Hz, where the red squares indicate real noise source locations. In Fig. 4, each
pixel corresponds to a pseudo noise source position and the colour denotes the NR value. For example,
in Fig. 4(a), the NR for the pseudo noise source position at xm = 0 and ym = 20 m is 28 dB (yellow),
while the NR for the pseudo noise source position at Xm = 20 mand ym = 10 mis 11 dB (blue). Therefore,
the performance of the ANC system is sensitive to the position of the pseudo noise source, as shown in
Figs. 3 and 4. The colour bar in Fig. 4 is fixed between 0 dB and 40 dB for the sake of clarity.

x  (m) x, (m)

Vv, (m)

-30 -20 -10 0 10 20 30
x, (m)

(©)

Fig. 4. Average NR (dB) of 100 trials for various single pseudo noise source positions when the

primary noise source is a line of incoherent point sources at a distance of 60 m from the single-
channel ANC system, (a) 100 Hz, (b) 300 Hz, (c) 500 Hz, and (d) 1000 Hz (red squares denote the

noise source positions).
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When three pseudo noise sources are employed, as shown in Fig. 2(b), the pseudo noise sources are
bounded by the angle formed between the 13 point sources and the error microphone to mimic the noise
from the primary noise source. The pseudo noise sources can also be placed in a linear arrangement.
However, an arc arrangement is more compact for mimicking noise from different directions. All three
pseudo noise sources are located at the same distance from the reference microphone. The simulation
results for three pseudo noise sources are compared with those for a single pseudo noise source in Fig.
5, where the pseudo noise sources are placed 1 m and 20 m from the ANC system, respectively. The
performance of the single-channel ANC system for both distances decreases with increasing frequency
(Fig. 5), and configurations that employ more pseudo noise sources to simulate the noise from different
directions slightly increase the NR over the entire frequency range from 100 Hz to 1000 Hz. When the
noise originates from a 60 m line of incoherent noise sources located 60 m from the ANC system, the
highest NR is approximately 31 dB at 100 Hz and 12 dB at 1000 Hz, which can be achieved by placing
the pseudo noise sources 20 m from the ANC system. By employing five pseudo noise sources, the
average NR can be improved by a maximum of 3 dB, as shown in Fig. 5(b).

40

=+ 1 pseudo noise source
T =3 pseudo noise sources
=f==>5 pseudo noise sources

= 1 pseudo noise source
= £ =3 pseudo noise sources
30 | |==%==5 pseudo noise sources

200 400 600 800 1000 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)

(@) (b)
Fig. 5. NR (dB) as a function of the frequency for different numbers of pseudo noise sources when the
pseudo noise sources are (a) 1 m and (b) 20 m from the single-channel ANC system. The noise

originates from a 60 m line of incoherent sources located 60 m from the ANC system.

The proposed pseudo noise source method is feasible for configuring single-channel ANC systems
to reduce the noise from a line of incoherent sources in the far field. The performance depends on the
specific configurations. An average NR of more than 10 dB can be achieved at the error sensors at 1000
Hz. When the noise comes originates from a line of incoherent point sources far from the ANC system,
moving the pseudo noise sources farther away can effectively increase the noise reduction. NR increases
with the distance between the pseudo noise sources and the ANC system and then approaches a constant

when the distance exceeds a critical value, which can be determined by kymLo/do > 107 Using additional

10
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pseudo noise sources to simulate the noise from the directions of the actual noise sources can improve
the noise reduction over the entire frequency range.

Note that these studies are based on numerical simulations. A theoretical formulation for NR
dependence on distance and frequency is possible for a single-channel ANC system with one noise
source, which is detailed in the Appendix. For a multichannel system, however, a simple theoretical
formulation to predict the variability of NR with distance and frequency is difficult due to complications

from multiple secondary sources.

3.2 Multichannel systems

Two simplified multichannel ANC systems were investigated, as shown in Fig. 6. Fig. 6(a) shows
a multiple single-channel ANC system; its cost function is defined in Eq. (2). Fig. 6(b) shows a coupled
multichannel ANC system with one reference microphone; its cost function is defined in Eq. (4). Only
one reference microphone is used in the coupled multichannel ANC system in Fig. 6(b), as the fully-
coupled multichannel ANC system with multiple reference microphones is computationally demanding
and implementation in experiments is difficult.

In the simulations, a three-channel system (L = 3) was investigated. The coordinates of the reference
microphones, control sources and error microphones in Fig. 6(a) are summarized in Table 1. For the
coupled three-channel ANC system with one reference microphone in Fig. 6(b), the coordinates of the
control sources and error microphones are equivalent, as shown in Table 1 but only one reference

microphone at (0, 0, 0) was employed.

Table 1. Coordinates of the reference microphones, control sources, and error microphones in the
simulations and indoor experiments for the three-channel systems.
Channel index1=1,2,...,L(L=3)
=1 =2 =3
Reference microphones rr; = (X, yr1, ;) | (—=0.078, —0.010, 0) (0,0,0) (0.078, —0.010, 0)
Control sources rc; = (Xc.I, Yel, Zc,1) (-0.039, -0.155, 0) | (0, -0.150, 0) | (0.039, —-0.155, 0)

Coordinates in meters

Error microphones rei = (X, Ye,i, Ze)) (-0.013,-0.252, 0) | (0,-0.250, 0) | (0.013,-0.252, 0)

11
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Fig. 6. Diagram of (a) a multiple single-channel ANC system and (b) a coupled multichannel
ANC system with one reference microphone.

The pseudo noise sources are placed along an arc to mimic the primary noises from different
directions. A linear arrangement of the pseudo noise sources obtain similar results as the arc
arrangement, with a difference in noise reduction of less than 1 dB. A detailed comparison of the results
is beyond the scope of this paper. In the simulations, the three pseudo noise sources are simultaneously
driven by a tonal signal to mimic the noise from different directions.

For the primary noise that originates from a 60 m line of 13 random-phased incoherent point sources
that is located 60 m from the ANC system, the effect of the distance from the pseudo noise sources to
the ANC system on the performance is simulated and plotted against the dimensionless number
Kym.2Lo/do in Fig. 7. In the simulations, the three-channel systems (L = 3, U = 3) were investigated, and
the second channel is on the y-axis, as shown in Fig. 6, where ym 2 denotes the distance from the pseudo
noise source to the ANC system. As a baseline for comparison, the simulation results for the fully-
coupled three-channel system with three reference microphones are also shown in Fig. 7, where the
vertical bars indicate the standard deviation of 100 trials.

As shown in Fig. 7, the average NR increases with distance from the pseudo noise sources to the
ANC system and then approaches a constant, which is similar to the results for the single-channel
system. The fully-coupled three-channel system with three reference microphones shows the highest
NR, as expected, which is approximately 3 dB higher than the three single-channel system when the
pseudo noise sources are placed far from the ANC system (kym2Lodo > 107). The performance of the
three single-channel system is slightly superior to that of the coupled three-channel system with one
reference microphone as the three single-channel systems have three reference microphones, which

better detect noise from different directions.

12
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343 Fig. 7. NR (dB) as a function of the dimensionless number kym2Lo/do at (a) 100 Hz, (b) 300 Hz,
344 (c) 500 Hz and (d) 1000 Hz.
345
346 As shown in Fig. 7, the NR decreases with increasing frequency. For a clear illustration, the NR as

347  afunction of frequency is shown in Figs. 8(a) and 8(b) for the pseudo noise sources that are placed 1 m
348  and 20 m, respectively, from the ANC systems. As shown in Fig. 8, the performance of all systems
349  decreases with increasing frequency and the three-channel system achieves a better performance than
350 the single-channel ANC system. For primary noise from a 60 m line of 13 random-phased incoherent
351  point sources that are located 60 m from the ANC system, the highest NR by the three single-channel
352  system is approximately 30 dB at 100 Hz to 10 dB at 1000 Hz, which can be achieved by placing the
353  pseudo noise sources 20 m from the system. Note that the NR in Fig. 8 for the three-channel systems is
354  slightly lower than that in Fig. 5 for the single-channel system as the NR in Fig. 8 is averaged over three
355  error microphones while the NR in Fig. 5 is calculated for a single error microphone.
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Fig. 8. NR (dB) as a function of frequency for a distance between the pseudo noise sources and the
ANC system of (a) ym2= 1.0 mand (b) ym2=20m.

The feasibility of the proposed pseudo noise source method is verified for the multiple single-
channel system and the coupled multichannel system with one reference microphone. Similar to the
single-channel ANC system, the performance of the multichannel ANC systems can be improved by
moving the pseudo noise sources farther from the ANC systems. The NR increases with the distance
between the pseudo noise sources and the ANC system and then approaches a constant when the
distance exceeds a critical value, which depends on frequency and the length of the far-field noise

sources.

4. Experiments

Experiments for the single-channel ANC system were performed in a large open-plan room while
the multichannel systems were tested in both a large open-plan room and outdoor environments. In the
experiments, the reference microphones were Anty M1212U 1/2" unidirectional microphones, and the
error microphones were Anty M1212 1/2" omnidirectional free-field microphones. An Anty MC08
eight-channel signal conditioner was used to connect the reference and error microphones to an
Antysound Tiger ANC-II controller [29]. In the tuning stage, the secondary paths were modelled and
then the controller coefficients were adjusted to cancel the pseudo noise sources. After optimal
controller coefficients were determined for the pseudo noise sources, they were fixed and employed to
cancel the far-field primary noise in the cancelling stage.

To model the secondary paths, a random noise signal was generated by the controller and played
back through the control sources; the error signals were picked up by the error microphones and fed to
the controller. An FIR filter was used to model the secondary paths from each control source to the
error microphones. The step size of the FIR filters was adjusted to achieve a balance between the
stability and the convergence speed. In the experiments, a step size of 0.01 and 0.1 were applied for the

secondary path filters in the indoor experiments and outdoor experiments, respectively.

14



386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414

After the secondary paths were modelled, the controller was used to cancel the pseudo noise signals.
The controller generated a random noise signal, which was played back through the pseudo noise
sources. The FXLMS algorithm was employed by the controller to adaptively adjust the control filter
coefficients to minimize the error signals at the error microphones. The step size of the control filters
was adjusted to achieve a balance between the stability and the convergence speed, and the leakage
factor was adjusted to achieve a balance between the stability and the noise reduction. In the indoor
experiments, the step size value and leakage factor were set to 0.01 and 108, respectively. In the outdoor
experiments, the step size value and leakage factor were set to 0.1 and 10, respectively.

4.1 Indoor single-channel ANC of tonal disturbance

The experimental setup for the single-channel ANC system is shown in Fig. 9, where all cables are
removed for clarity. The loudspeakers and microphones were placed on the ground to eliminate the
reflections from the floor, and both the noise sources and the pseudo noise sources were placed within
1.0 m of the ANC system to ensure that the direct sound was dominant. In the indoor experiments, the
Digitech CS-2478 loudspeakers served as control sources while the Genlec 6010 active loudspeakers
served as primary and pseudo noise sources. In the experiments, the control source and error
microphone were located 0.15 m and 0.3 m, respectively, from the reference microphone. The reference
microphone was located behind the control sources and is not shown in the photos (blocked by the
control source).

Three noise sources were placed 1.0 m from the reference microphone to simulate the primary noise
from different directions. In the first measurement, the single-channel ANC system was optimized with
a single pseudo noise source, as shown in Fig. 9(a), and the pseudo noise source was removed and the
system was used to cancel the noise from three primary noise sources. In the second measurement, three
pseudo noise sources that mimic primary noise from different directions were employed to optimize the
single-channel ANC system. After the single-channel ANC system was optimized, the three pseudo
noise sources were removed and the system was used to cancel the noise from three primary noise

sources, as shown in Fig. 9(b).
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Fig. 9. Experimental setup for the single-channel ANC system with (a) a single pseudo noise

source and (b) three pseudo noise sources in a large open-plan room.

The measurement results at 100 Hz and 300 Hz are compared with the simulation results in Fig. 10,
where the simulation setup is the same as that in the measurements. Fig. 10 shows the NR as a function
of distance between the pseudo noise sources and the single-channel ANC system. Moving the pseudo
noise source farther from the ANC system increases the NR for both configurations, which in consistent
with the simulation results. A comparison between Figs. 10(a) and 10(b) shows that the NR at 100 Hz
is higher than that at 300 Hz, which is consistent with the simulation results. In addition, using three
pseudo noise sources can improve the performance compared with using a single pseudo noise source
as more pseudo noise sources can better mimic the primary noise from different directions. The
measurement results in Fig. 10 comply with the simulations and verify the conclusions obtained from

the simulation results in Section 3.1.

40 40
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Fig. 10. Experimental results for the single-channel ANC system with three primary noise sources
located 1.0 m from the system. NR (dB) as a function of the distance between the pseudo noise
sources and the ANC system at (a) 100 Hz and (b) 300 Hz.
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4.2 Indoor multichannel ANC of tonal disturbance

The performance of the three single-channel ANC system and the performance of the coupled three-
channel system with one reference microphone were measured in a large open-plan room. The
experimental setup for the three single-channel ANC system is shown in Fig. 11, where the reference
microphones are blocked by the control sources. In the experimental setup in Fig. 11, the coordinates
of the reference microphones, control sources and error microphones are the same as those shown in
Table 1. The experimental setup for the coupled three-channel system with one reference microphone
is the same as that in Fig. 11 and Table 1, with the exception that only one reference microphone at (0,
0, 0) was employed. In the experiments, three pseudo noise sources were simultaneously active to mimic
the noise from different directions. After the system was optimized, the three pseudo noise sources were
removed and the system coefficients were fixed and applied to cancel the noise from three primary

noise sources.

Primary Noise Sources
p Pseudo Noise Sources g

R

Fig. 11. Experimental setup for the three single-channel ANC system and the coupled three-
channel ANC system with one reference microphone.

The measurement results for the three single-channel ANC system are compared with the
simulation results in Fig. 12, where the simulation setup is equivalent to that in the measurements. In
Fig. 12(a), the three primary noise sources were fixed 1.0 m from the system and the three pseudo noise
sources were placed at different positions to study the effect on NR. For the noise sources far from the
system, moving the pseudo noise sources farther away improves the performance, which shows
agreement with the simulation results. In Fig. 12(b), the three pseudo noise sources were fixed 0.2 m
from the system and the three noise sources were moved from 0.2 m from the system to 1.0 m from the
system to study the effect of the primary noise source locations on the system NR performance. Figure
12(b) shows that the system performance is optimal when the positions of the pseudo noise sources are
identical to the positions of the primary noise sources, and the NR decreases with the distance between

the primary noise sources and the system.
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Note that the measured NR at 300 Hz is approximately 3 dB lower than that at 100 Hz due to the
measurement uncertainties. In the experiments, noise sources were placed near the ANC system to
render the direct sound dominant and the reflections from the walls and ceiling negligible. However,
some reflections and scattering occurred from nearby tables and chairs. Although the pseudo noise
sources and primary noise sources were placed at the labelled positions in Fig. 11, the acoustic centre
may slightly differ for the measurements at 100 Hz and 300 Hz. The noise reduction measured at 300
Hz may not be lower than that at 100 Hz, as shown in Fig. 12(b).

40

40
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Fig. 12. Experimental results for the three single-channel ANC system. (a) NR in dB as a function of
distance from the pseudo noise sources to the ANC system when the primary noise sources are
located 1.0 m from the system. (b) NR in dB as a function of distance from the primary noise source
to the ANC system when pseudo noise sources are located 0.2 m from the system.

Similarly, the measurement results for the coupled three-channel ANC system with one reference
microphone are compared with the simulation results in Fig. 13, where the simulation setup is the same
as that in the measurements. Moving the pseudo noise sources farther away increases the NR for far-
field noise sources, which shows agreement with the simulation results. When the noise sources and
pseudo noise sources are located 1.0 m from the ANC system and 0.2 m from the ANC system,
respectively, the measured NR in Fig. 13(b) is approximately 3 dB higher than that in Fig. 13(a). This
finding might be attributed to the measurement uncertainties, e.g., the positions of the noise sources and
pseudo noise sources were not identical in the two measurements. The consistency between the
simulation results and the measurement results in Figs. 12 and 13 demonstrates the feasibility of the

proposed pseudo noise source method for tuning the ANC system to far-field noise control.
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Fig. 13. Experimental results for the coupled three-channel ANC system with only one reference
microphone. (2) NR in dB as a function of distance from the pseudo noise sources to the ANC system
when the primary noise sources are located 1.0 m from the system. (b) NR in dB as a function of
distance from the primary noise source to the ANC system when the pseudo noise sources are located
0.2 m from the system.

4.3 Outdoor multichannel ANC of broadband disturbance

To further evaluate the performance of the proposed method in real applications, an outdoor
experiment was conducted in Richmond, Victoria, Australia. The experimental setup is shown in Fig.
14(a), where a six-channel system with one reference microphone was employed in the experiment. As
illustrated in Fig. 14(a), the six control sources were placed along an arc to create a small quiet zone.
The reference microphone was placed 1.6 m from the control sources to reduce the effect of acoustic
feedback from the control sources for better ANC system stability and to ensure the causality of the
ANC system, which has an inherent delay of 375 us due to the AD/DA converters and digital signal
processing. A pseudo noise source was placed 20 cm in front of the reference microphone. The purpose
of the outdoor experiments was to demonstrate the use of a virtual sound barrier to create a small quiet
zone behind the array of control sources, as shown in Fig. 14(a). When the outdoor experiments were
conducted, only one loudspeaker was available to act as the pseudo noise source, which was placed in
the direction of traffic noise to tune the controller.

In the tuning stage, random white noise below 500 Hz was produced through the pseudo noise
source loudspeaker to adjust the control filter coefficients. After the coefficients were optimized, the
pseudo noise source was removed and the system coefficients were fixed to cancel the traffic noise from
the motorway that was located approximately 60 m from the ANC system. Although the simulation
results to 1000 Hz are shown in Section 3, low frequencies below 500 Hz was the principal interest for
outdoor traffic noise, especially noise caused by heavy trucks. Therefore, the ANC system was trained

only for frequencies below 500 Hz in the outdoor experiments.
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In the measurements, the traffic noise was recorded by a Neumann KU100 dummy head behind the
ANC system (not shown in this paper) for three minutes with a sampling rate of 48 kHz when the ANC
system was both on and off, and the Welch method was applied to estimate the power spectral density
with a window size of 8192 samples and 50% overlap. The results, which are shown in Fig. 14(b),
reveals that a maximum NR of 9 dB is achieved below 400 Hz but noise above 400 Hz is not reduced.
The total NR in the frequency range below 500 Hz is 3 dB. The measured NR is not as acceptable as
that from the simulations, which exceeds 20 dB below 400 Hz as the simulations are performed for
tonal sound signals while the measured noise is broadband, and only one pseudo noise source was used
in the experiments due to a limitation of available equipment. In future studies, multiple pseudo noise
sources will be utilized to imitate traffic noise from different directions.

= ANC Off
= = = ANC On
Noise Reduction

Noise Reduction (dB)

i

Power Spectral Density (dB)

100 200 300 400 500
Frequency (Hz)

(b)

Fig. 14. (a) Experimental setup and (b) measurement results for the six-channel ANC system with

only one reference microphone in outdoor environments.

Both indoor and outdoor experiments were conducted to investigate the performance of the
proposed pseudo noise source method for configuring the fixed-coefficients feedforward active noise
control system. The measurement results of the single-channel system, the multiple single-channel
system, and the coupled multichannel system with one reference microphone are consistent with the
simulation results, which validates the feasibility of the proposed method.

5. Discussions

The limitations of the current study and directions for future research are discussed in this section.
In the theoretical analysis in Section 2 and the simulations in Section 3, the regularization factor was
assumed to be zero after Eq. (6) for the best performance. Although the ill-conditioning problem was
not encountered in the simulations in Section 3, a non-zero regularization factor is needed to increase

the stability of the ANC system for non-stationary traffic noise signals at the cost of reducing the noise
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reduction performance. Therefore, the simulation results provide a reference for the upper limit
performance, which can be achieved by the proposed method, rather than a reference for the final
performance for real applications in the future.

The simulation results show the noise reduction performance at the error microphones without
measuring the size of the quiet zone, which depends on many factors, such as frequency, control source
locations, and error microphone positions. A detailed analysis of the effect of these factors on the quiet
zone is provided in the literature [14,30], which is beyond the scope of this paper. The contribution of
this paper is the proposed pseudo noise source method for configuring the active noise control system
for traffic noise. The noise reduction at the error microphone usually has the highest value, which is a
suitable measure for examining the feasibility of the proposed method. Therefore, it is employed to
show the simulation results in this paper.

In the indoor experiments, both the primary noise sources and the pseudo noise sources were placed
near the ANC system to make the direct sound dominant, which enables the reflections from the walls
and ceiling to be disregarded. The primary noise is not considered as the far-field sound. One
contribution of the proposed method is that the ANC system can achieve a noise reduction when the
pseudo noise sources are placed at different locations from the primary noise sources. Due to the
limitations of indoor experiments, the specific values of the NR cannot act as a reference for outdoor
traffic noise control. However, the indoor experiments can be used to demonstrate the feasibility of the
proposed method to tune the ANC system using pseudo noise sources and verify the simulation scheme.
Future research can include indoor experiments in an anechoic chamber, in which the system is set up
as close to the practical outdoor applications as possible.

In the outdoor experiments, only one loudspeaker was available for use as the pseudo noise source
when the experiment was conducted, and the pseudo noise source was placed near (20 cm) the reference
microphone to ensure that the pseudo noise source signal is considerably higher than the background
noise. As the experiments were performed outdoors, the traffic noise from the motorway is loud. If the
pseudo noise source was placed far from the reference microphone, the pseudo noise sources signal
would be masked by the traffic noise. The usage of only one pseudo noise source near the reference
microphone may cause inferior performance in the measurements. In practical applications in the future,
additional pseudo noise sources will be needed to mimic the far-field traffic noise and achieve better
performance.

In Ref. [22], a loudspeaker was mounted on a car that operated at 30 km/h in outdoor experiments,
where approximately 5-9 dB of noise reduction was achieved at the error microphones. In Ref. [23], a
loudspeaker was mounted on a traversing system in an anechoic chamber to mimic a moving sound
source, and noise reduction at the error microphone was approximately 10 dB between 100 Hz and 200
Hz for a moving speed of 1 m/s. However, no noise reduction occurred below 100 Hz or above 200 Hz
[23]. These studies focused on active control of noise from a single moving primary noise source. In

practice, multiple moving noise sources often exist in traffic noise, which may worsen the performance.
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This study uses a different approach by modelling the traffic noise as a line of incoherent point sources
in the simulations, which is similar to realistic motorway noise. In the outdoor experiments of this
research, the noise reduction was evaluated by a Neumann KU100 dummy head instead of the
measurement at the error microphones. Therefore, obtaining a clear conclusion by directly comparing
the results of this research with that of [22] and [23] is difficult.

6. Conclusions

This study proposed a pseudo noise source method for configuring fixed-coefficient ANC systems
for traffic noise control. Numerical simulations were performed for both a single-channel ANC system
and a multichannel ANC system to study the noise reduction performance of the proposed method for
a long line of incoherent noise sources located 60 m from the system. The findings indicated that the
noise reduction increased with the distance between the pseudo noise sources and the ANC system and
then approached a constant when the distance exceeded a critical value, i.e., when the dimensionless
number kymLo/do was larger than 10z Experiments with a single-channel ANC system, a multichannel
ANC system with three single-channel modules, and a coupled three-channel ANC system with one
reference microphone were conducted in a large open-plan room to control the noise from three far-
field noise sources. The measurement results agreed with the simulation results, in general,
demonstrating the feasibility of the proposed method. An outdoor onsite experiment was also conducted
with a coupled six-channel ANC system with one reference microphone to further verify the proposed
method. Two limitations of this study are that acoustic feedback from the control sources to the
reference microphones was not considered and the system was not adaptive. Future research will
explore the proposed method of multiple single-channel ANC systems with practical applications for

outdoor traffic noise control to create a large quiet area.
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Appendix
The NR dependency on distance and frequency is formulated for the single-channel ANC system.
For a single-channel ANC system, the total sound pressure at the error microphone can be written as
e(w) =p(w) + q(w)x(W)Zce(w), (A1)
where p(w) is the primary noise pressure at the error microphone, X(w) is the sound pressure at the
reference microphone, q(w) represents the controller coefficients, and Zc(w) is the transfer function
from the control source to the error microphone. By setting the cost function as the squared sound

pressure at the error microphone, the optimal controller response can be obtained as

qlw) = -2 __ (A2)

x(@)Zce(w)’
For the proposed pseudo noise source scheme, the controller is optimized for the pseudo noise
source placed at ri in front of the ANC system; thus,

m(w) = ——Eml@__ (A.3)

*m(@)Zce(w)’
where xm(w) and pm(w) are the sound pressure due to the pseudo noise source at the reference
microphone and the error microphone, respectively. This optimized controller is utilized to control the
primary noise source in the far field. Substituting Eq. (A.3) into Eq. (A.1), the sound pressure at the

error microphone can be obtained as

x(w)

Xm(w)

Pm (). (A.4)

Therefore, the noise reduction (dB) at the error microphone can be derived as

2
). (A5)

Eq. (A.5) shows that the noise reduction performance of the single-channel system is determined by the

e(w) =p(w) -

p(w)
x(w)
xm(w)

NR(w) = 1010g10< —

p(w)-
sound pressure at the error microphone and the reference microphone due to the actual noise source and
the pseudo noise source, respectively.

If only one pseudo noise source is present in the free field, the sound pressure due to the pseudo

noise source at the reference microphone and error microphone are

e~ ikRmr
Xm(w) = A R (A.6a)
and
e~ ikRme
Pm (@) = Am -2, (A.6b)

respectively, where An is the amplitude of the pseudo noise source, k is the wavenumber, j is the
imaginary unit, and Ry = |[rm—1| and Rme = |[rm—Te¢| are the distance from the pseudo noise source to the
reference microphone and the error microphone, respectively. Similarly, the sound pressure due to the

actual noise source at the reference microphone and error microphone are

, (A.7a)
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and
e—jkRne

p(w) = An e, (A.7b)

respectively, where A, is the amplitude of the noise source and Ry = |rn—r| and Rpe = |ra—r¢| are the
distance from the noise source at r, to the reference microphone and error microphone, respectively.

Substituting Egs. (A.6) and (A.7) into Eq. (A.5),

NR((A)) = —1010g10 (|1 — ﬁhe_jk(Rnr_Rne"'Rme_Rmr)

nr Rme

2). (A8)

If both the noise source and the pseudo noise source are on the y axis, as shown in Fig. 1(a), Rne =

Rnr + d and Rme = Rmr + d (d is the distance between the reference microphone and error microphone),
the NR is independent of frequency as the exponential term in Eq. (A.8) is 0. If the distance from the
noise source to the reference microphone Ry is considerably larger than d, then Rne = Ryr, EQ. (A.8) can

be simplified as

NR(w) = —10log,, (|1 — Fmr

o 2). (A.9)

If the pseudo noise source is far from the ANC system, i.e., Ry is considerably larger than d, then the

NR can be further simplified as

NR(w) = 20logy, (2r). (A.10)

Eqg. (A10) shows that the NR for a far-field noise source increases by 6 dB for a fixed ANC system
when the distance between the pseudo noise source and the reference microphone doubles, but is
independent of the location of the real primary noise source. This result is different from the results in
Figs. 3 and 7, where NR increases with distance and then approaches a constant when the distance
exceeds a critical value, as Egs. (A.8) to (A.10) are only valid when only one primary noise source and
only one pseudo noise source are utilized. When multiple primary noise sources exist, as in this study,
the noise reduction increases with distance and then approaches a constant when the distance exceeds

a critical value, i.e., kymLo/do > 107
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