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 6 

Practical implementation of active noise control (ANC) systems for outdoor traffic noise reduction 7 

remains rare. One challenge is the difficulty of configuring an ANC controller due to moving noise 8 

sources, which are typically located far from ANC systems. In this paper, a pseudo noise source method 9 

is proposed for configuring fixed-coefficient feedforward ANC systems for traffic noise control. First, 10 

a minimum of one pseudo noise source is placed near an ANC system to determine the control 11 

coefficients in the tuning stage. Second, the ANC systems are run to reduce the noise from far-field 12 

traffic noise sources using the optimal control coefficients in the cancelling stage. The feasibility and 13 

limitations of the proposed method are investigated by illustrating the effect of the pseudo noise source 14 

position on the noise reduction performance of the ANC system. The simulation results show that the 15 

performance of the ANC system increases with distance when the pseudo noise sources move farther 16 

from the system but approaches a constant when the pseudo noise sources are in the far field. The indoor 17 

experimental results are consistent with the simulation results. The outdoor experimental results of a 18 

six-channel coupled system show a noise reduction of 3 dB below 500 Hz at the position of a dummy 19 

head.   20 
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1. Introduction 21 

Traffic noise is generally random, non-stationary, broadband, and detected in large unconfined 22 

spaces, which render it hard to control [1]. Noise barriers have been extensively employed to reduce 23 

traffic noise from highways [2]. In addition to regular rigid barriers [3], various modifications have 24 

been proposed to improve the noise reduction performance of passive noise barriers [4]. For example, 25 

sound absorbing materials have been applied on barrier surfaces facing traffic [5]; a diffracting edge 26 

has been adopted on barrier tops to form T-shape barriers, Y-shape barriers, and barriers with quadratic 27 

diffuser tops [6], and rough surface barriers have been used to achieve diffusive reflection and wave-28 

trapping effects that attenuate multiple reflections in parallel noise barriers [4,7]. Recently, a new type 29 

of noise barrier that consists of an array of isolated scatterers has been introduced to reduce 30 

transportation noise [8].  31 

Despite their prevalence, the performance of noise barriers in the lower frequency range is limited 32 

due to the physical size of the barriers [9]. Active noise control (ANC) systems can be employed to 33 

control low-frequency traffic noise in different ways, i.e., by directly creating a quiet zone with an ANC 34 

system [10] or applying an ANC system on top of a passive noise barrier to form an active noise barrier 35 

(ANB) [11]. Many studies have been devoted to the direct application of ANC systems to create quiet 36 

zones. Guo et al. employed multiple control sources to create a quiet zone in a free space [12]. Wright 37 

and Vuksanovic utilized ANC systems to reduce environmental noise by creating an acoustic shadow 38 

of a certain angle with eight secondary sources and microphones in an anechoic room [13].  39 

In contrast to these studies, where the control sources were placed in a linear array to reduce noise 40 

from a single primary noise at a fixed position, Zou et al. developed a virtual sound barrier (VSB) 41 

system, which uses an array of loudspeakers and microphones in a three-dimensional space to create a 42 

quiet zone surrounded by error microphones [14]. Similarly, Epain et al. employed 30 loudspeakers and 43 

microphones to create a quiet zone inside a sphere with a radius of 0.3 m; their results show that 44 

broadband noise can be cancelled in a frequency range up to 500 Hz [15].  45 

These systems have been effective in creating quiet zones in laboratory environments, where a 46 

minimum of one loudspeaker was used to mimic the primary noise sources and the ANC controller was 47 

adaptively adjusted throughout experiments. However, none of the previous studies have been applied 48 

to real outdoor traffic noise control. In practical applications for traffic noise, noise from moving 49 

vehicles is typically located far from the ANC systems; thus, the system cannot be adaptively adjusted 50 

due to the non-stationary signal and relatively low signal-to-noise ratio onsite. 51 

In addition to these direct applications of pure active control methods, ANC systems have also been 52 

applied on top of passive noise barriers to enhance their noise reduction performance. In a 40 m 53 

prototype active soft edge ANB system along a noise barrier, Ohnishi et al. employed numerous single-54 

channel independent analogue feedback control modules to construct a multichannel ANB system and 55 

achieved 2–4 dB extra noise reduction in the 250 Hz and 500 Hz octave bands [16]. The problem with 56 
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the feedback control system is that it suffers from the waterbed effect and stability issues [17]. To 57 

overcome these problems, Zou et al. proposed a decentralized feedforward control ANB system; their 58 

results show that the system works effectively with both predefined control filter parameters and 59 

adaptive control systems [18].  60 

Feedforward ANC systems have also been utilized to reduce traffic noise transmission through 61 

ventilation windows [19]. Fully-coupled multichannel feedforward systems are complicated and 62 

computationally demanding; therefore, decentralized feedforward systems are often utilized in research 63 

at the cost of inferior performance [20]. To extend feedforward ANC systems to large-scale 64 

applications, different algorithms have been explored to optimize the computational load and 65 

performance in fully-coupled and decentralized feedforward ANC systems [21]. 66 

Unfortunately, all of the above studies focused on a single fixed noise source case, which does not 67 

reflect the actual traffic noise scenario, where multiple moving noise sources are simultaneously present. 68 

Multiple moving noise sources hinder the application of active control systems. Uesaka et al. showed 69 

that the performance of a six-channel ANC system degraded when the noise source was mobile [22]. 70 

Omoto et al. also demonstrated that their adaptive multichannel ANC systems exhibited inferior 71 

performance for a moving noise source compared with a fixed noise source [23]. In practical 72 

applications of ANC systems in traffic noise reduction, the moving noise sources to be controlled are 73 

usually far from the ANC systems; hence, fixed noise sources do not exist for tuning the controller to 74 

obtain optimal coefficients.  75 

This study is devoted to investigating the applications of fixed-coefficient feedforward ANC 76 

systems in actual traffic noise scenarios. This work is part of a research project on motorway noise 77 

management that combines cancellation and transformational methods to design an aesthetically 78 

pleasing soundscape in parklands near highways. This research focuses on the cancellation aspect; the 79 

transformation system was reported in Ref. [24]. 80 

The advantages of adopting fixed-coefficient feedforward ANC systems are their low cost and 81 

robustness. However, the application of adaptive multichannel systems on noise barriers, the length of 82 

which can be hundreds of meters, to control traffic noise remains impractical. To configure a fixed-83 

coefficient ANC system, a minimum of one pseudo noise source is placed near the ANC system to set 84 

up the control coefficients in the tuning stage. After the controller is configured for this situation, the 85 

control coefficients are fixed, and the ANC system is utilized to cancel the actual noise from far-field 86 

moving noise sources. The performance of the proposed method is numerically and experimentally 87 

investigated. The paper is structured as follows: Section 2 formulates the theoretical equations, and 88 

Section 3 presents the simulation results for both single-channel systems and multichannel systems. The 89 

indoor experiments of single- and multichannel systems, as well as outdoor experiments of a six-90 

channel system with one reference microphone, are presented in Section 4. The limitations of this study 91 

is discussed in Section 5, and the conclusions are drawn in Section 6.  92 

 93 
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2. Theory 94 

This section introduces the fundamental theory and equations for the simulations performed to 95 

investigate the performance of the proposed method. For a multiple-reference multichannel ANC 96 

system, the total sound pressure at the error microphones is the sum of the primary noise and the control 97 

sound, namely, [25] 98 

𝐞(𝜔) = 𝐩(𝜔) + 𝐙(𝜔)𝐗(𝜔)𝐪(𝜔),                                                 (1) 99 

where p() = [p1(), p2(), …, pL()]T and e() = [e1(), e2(), …, eL()]T denote the primary noise 100 

and the total sound pressure, respectively, at the error microphones. L is the total number of error 101 

microphones, and Z() is an L × L matrix of the transfer functions from the L control sources to the L 102 

error microphones, as illustrated in Fig. 1(a). X() is a diagonal matrix with signals from the reference 103 

microphones, and q() represents the control coefficients. For the sake of brevity and clarity, the 104 

frequency dependency () is omitted in the following context.  105 
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(c) 110 

Fig. 1. Illustration of (a) the definition of the transfer function matrix Z for the coupled system, (b) the 111 

definition of the transfer function matrix Z0 for the multiple single-channel system, and (c) the block 112 

diagram of the proposed method. 113 

 114 

For most noise control applications in large spaces, multiple channels must be employed; however, 115 

implementation with a fully-coupled, multiple-reference, multichannel ANC system is difficult as the 116 

computational complexity rapidly increases with the number of channels. Therefore, two simplified 117 
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systems are investigated in this paper. The first system is an ANB system that has a passive barrier that 118 

can have a length of hundreds of meters, and the second system is designed to create a small quiet area.  119 

The first system consists of multiple single-channel ANC modules, where the control output of each 120 

module is solely determined by the corresponding reference and error signals. The cost function can be 121 

defined as the squared sound pressure at each error microphone [26],  122 

        𝐽𝑙 = 𝑒𝑙
∗𝑒𝑙 + 𝛽𝑙𝑞𝑙

∗𝑞𝑙,                                                               (2) 123 

where the superscript * denotes the complex conjugate, l is a regularization factor, and the subscript l 124 

= 1, 2, …, L denotes the l-th channel. The optimal control coefficients can be obtained by minimizing 125 

Eq. (2) as [26] 126 

𝐪 = −[(𝐙0𝐗)
H(𝐙0𝐗) + 𝛃𝐈]−1(𝐙0𝐗)

H𝐩,                                              (3)  127 

where the superscript H denotes the Hermitian transpose, I is the identity matrix,  = diag(1, …, l …, 128 

L) is the diagonal matrix of the regularization factors, and Z0 is an L × L matrix for which the diagonal 129 

elements are identical to Z while the off-diagonal elements are zero, as illustrated in Fig. 1(b). As 130 

standardized single-channel modules are easily mass-produced, the extension of such a system to 131 

practical noise barriers with a length of hundreds of meters is possible. However, the performance of 132 

this system may not be optimal as the contributions from the other control sources are not considered 133 

when optimizing the control coefficients. 134 

The second system is a coupled multichannel ANC system with one reference microphone, and the 135 

cost function is defined as the sum of the squared sound pressure at all error microphones, 136 

𝐽 = 𝐞H𝐞 + 𝛽𝐪H𝐪,                                                            (4) 137 

where  is a regularization factor. The optimal control coefficients for the coupled multichannel ANC 138 

system can be obtained as [26] 139 

𝐪 = −[(𝐙𝑥)H(𝐙𝑥) + 𝛽𝐈]−1(𝐙𝑥)H𝐩,                                               (5)  140 

where x is the sound pressure at the reference microphone.  141 

In the traffic noise control scenario, the moving noise sources to be controlled are typically located 142 

far from the ANC system and fixed noise sources do not exist to update the controller. To solve this 143 

problem, one or multiple pseudo noise sources is utilized to set up the optimal control coefficients. A 144 

diagram of the proposed method is illustrated in Fig. 1(c). In the tuning stage, which is shown at top of 145 

the diagram, pseudo noise sources with random noise signals are placed near the ANC system to tune 146 

the control filter coefficients. After the optimal control filter coefficients are obtained from the tuning, 147 

they are fixed to the controller. The controller does not update when the coefficients are used to cancel 148 

the far-field noise in the cancelling stage, as shown on the bottom of the diagram. The effect of the 149 

pseudo noise source position on the performance of ANC systems designed with the proposed method 150 

is investigated in this study.  151 
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In the tuning stage, a pseudo noise source at position rm = (xm, ym, zm), as depicted by the blue 152 

squares in Fig. 2(a), is used to obtain the control coefficients; thus, for systems that consist of multiple 153 

single-channel modules, 154 

𝐪m = −[𝐙0𝐗m]
−1𝐩m,                                                             (6)  155 

where pm and Xm denote the sound pressures received at the error microphone and the reference 156 

microphone, respectively, from the pseudo noise source. When multiple pseudo noise sources are 157 

employed, the locations are denoted by rm,1,…, rm,u, …, rm,U, where U is the total number of pseudo 158 

noise sources. The regularization factor is assumed to be 0 for the best performance. The objectives of 159 

the simulations are to investigate the feasibility of the proposed method and to examine the best possible 160 

performance. The proposed method is for fixed-coefficient ANC systems; thus, the robustness is not 161 

considered in this study. In the experiments, a leakage factor was applied by the Antysound Tiger ANC-162 

Ⅱ controller to increase the robustness of the adaptive algorithm when adjusting the control filter 163 

coefficients for the pseudo noise sources. A leakage factor is equivalent to a regularization factor, which 164 

increases the stability of the ANC system at the cost of a decrease in noise reduction performance [27].  165 

For the coupled multichannel system with one reference microphone,  166 

𝐪m = −[𝐙𝑥m]
−1𝐩m,                                                             (7)  167 

where pm and xm denote the pseudo noise source sound pressures received at the error microphone 168 

position and reference microphone position, respectively.  169 

Substituting the optimal control coefficients in Eqs. (6) into Eq. (1), and then substituting Eq. (7) 170 

into Eq. (1), the total sound pressure at the error microphones for far-field noise at position rn,v (v = 1, 171 

2, …, V, where V is the total number of primary noise sources, which are depicted by the red squares in 172 

Fig. 2) can be expressed as 173 

𝐞n = 𝐩n − 𝐙𝐗n[𝐙0𝐗m]
−1𝐩m,

                                                       
(8) 174 

for the system that consists of multiple single-channel modules and  175 

𝐞n = 𝐩n −
𝑥n

𝑥m
𝐩m,

                                                                
(9) 176 

for the coupled multichannel ANC system with one reference microphone, respectively.   177 

Noise reduction (NR) at the error microphone locations is defined as 178 

𝑁𝑅 = 10log10 (
𝐩n
H𝐩n

𝐞n
H𝐞n

).                                                           (10) 179 

The proposed method is verified with a single-channel ANC system, and then the performance of the 180 

two systems is investigated by numerical simulations and experiments. Note that the acoustic feedback 181 

from the control source to its reference microphone may affect the stability of each single-channel ANC 182 

system. Many methods have been explored to solve this issue [27] but they are not considered in this 183 

study.  184 
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                                          (a)                                                                            (b) 186 

Fig. 2.  Diagram of a single-channel ANC system configured with (a) one pseudo noise source 187 

and (b) three pseudo noise sources. 188 

 189 

3. Simulations 190 

The numerical simulations were performed in MATLAB R2017a. The three-dimensional free field 191 

Green function 𝑍𝑖𝑗 =
e
−j𝑘|𝐫𝑖−𝐫𝑗|

4𝜋|𝐫𝑖−𝐫𝑗|
, where k is the wavenumber, and ri and rj are the coordinates of the i-th 192 

sound source and the j-th receiver, respectively, was employed in the transfer matrix Z [27].     193 

3.1 Single-channel systems 194 

A single-channel system was investigated as it can be implemented as a low-cost device to create a 195 

small quiet zone along a noisy traffic road. The control coefficients of the single-channel ANC system 196 

can be determined using a minimum of one pseudo noise sources, as shown in Fig. 2. In the simulations 197 

for the single-channel system, one pseudo noise source (U = 1) and three pseudo noise sources (U = 3) 198 

were employed, while 13 far-field noise sources (V = 13) were utilized. 199 

In the simulations, the reference microphone location is set as the origin of the coordinate system, 200 

as shown in Fig. 2. The control source and the error microphone are located 0.15 m and 0.3 m, 201 

respectively, from the reference microphone in the negative y direction. In practical traffic noise 202 

situations, many incoherent noise sources exist along a motorway [28]. To simulate this situation, 13 203 

random-phased monopole sources evenly distributed along a line of 60 m were employed, and the 204 

pseudo noise source was placed at numerous positions to investigate the noise reduction performance. 205 

The length of the incoherent primary noise sources (60 m) was selected based on an estimation from 206 

outdoor experiments conducted in a park near a motorway in Richmond, Victoria, Australia.  207 

When a single pseudo noise source is utilized, as shown in Fig. 2(a), the simulation results are 208 

shown in Fig. 3(a) at different frequencies, where the vertical bars indicate the standard deviation of 209 

100 trials. The abscissa in Fig. 3 is the dimensionless number kymL0/d0, where k is the wavenumber, ym 210 
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is the distance between the pseudo noise sources and the ANC system, L0 is the length of the incoherent 211 

primary noise sources, and d0 is the distance between the primary noise sources and the ANC system. 212 

In Fig. 3(a), both L0 and d0 are 60 m, whereas in Fig. 3(b), d0 = 60 m and L0 = 60 m, 120 m, and 240 m. 213 

In the simulations, ym was varied from 0.1 m to 100 m. 214 

Noise reduction approaches a constant when the dimensionless number kymL0/d0 is larger than 10, 215 

regardless of the frequency (Fig. 3). This finding corresponds to the far-field condition kym >>  in Fig. 216 

3(a), where L0/d0 = 1. Therefore, the results conclude that the NR increases with distance between the 217 

pseudo noise sources and the ANC system and approaches a constant when the pseudo noise sources 218 

are placed in the far field from the ANC system, i.e., kymL0/d0 > 10. When the pseudo noise sources 219 

are placed in the far field, the sound pressure at the ANC system can be approximated by plane waves, 220 

which is similar to that from primary noise sources.  221 

 222 

  223 

                                          (a)                                                                       (b) 224 

Fig. 3. NR (dB) as a function of the dimensionless number kymL0/d0. (a) NR at different 225 

frequencies when the length of the primary noise sources is 60 m; (b) NR at 100 Hz for different 226 

lengths of primary noise sources. 227 

 228 

In practical applications, the actual noise sources on a motorway may exceed 60 m. The simulated 229 

NR at 100 Hz when the length of the incoherent primary noise sources is 120 m and 240 m are illustrated 230 

in Fig. 3(b). NR approaches a constant when the dimensionless number kymL0/d0 exceeds 10, which 231 

coincides with the results in Fig. 3(a). In addition, the performance of the ANC system deteriorates 232 

when the length of the primary noise sources exceeds 60 m. The maximum NR at 100 Hz for primary 233 

noise sources with lengths of 120 m and 240 m is 20 dB and 15 dB, respectively, which is lower than 234 

that for 60 m noise sources (28 dB). Figure 3 shows that the noise reduction performance of the single-235 

channel system decreases with increasing frequency. This finding is clearly illustrated in Fig. 5 for NR 236 

as a function of frequency.  237 

The deviation of NR is large in Fig. 3 as the phases of the 13 incoherent noise sources were random 238 

for each run in the simulations. NR depends on the position of the pseudo noise source, the locations of 239 
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the far-field noise sources, and the amplitudes and phases of the far-field noise sources. In the 240 

simulations, the locations of the far-field noise sources were fixed, and the amplitudes of all noise 241 

sources were assumed to be equal. For each pseudo source position, 100 trials of random phases of far-242 

field noise sources were simulated, and the standard deviations are depicted by the vertical bars in Fig. 243 

3.  244 

The NR for the pseudo noise sources that are not on the y-axis are shown in Fig. 4 for 100 Hz, 300 245 

Hz, 500 Hz, and 1000 Hz, where the red squares indicate real noise source locations. In Fig. 4, each 246 

pixel corresponds to a pseudo noise source position and the colour denotes the NR value. For example, 247 

in Fig. 4(a), the NR for the pseudo noise source position at xm = 0 and ym = 20 m is 28 dB (yellow), 248 

while the NR for the pseudo noise source position at xm = 20 m and ym = 10 m is 11 dB (blue). Therefore, 249 

the performance of the ANC system is sensitive to the position of the pseudo noise source, as shown in 250 

Figs. 3 and 4. The colour bar in Fig. 4 is fixed between 0 dB and 40 dB for the sake of clarity. 251 

 252 

                                       (a)                                                                            (b) 253 

  254 

                                       (c)                                                                            (d) 255 

Fig. 4. Average NR (dB) of 100 trials for various single pseudo noise source positions when the 256 

primary noise source is a line of incoherent point sources at a distance of 60 m from the single-257 

channel ANC system, (a) 100 Hz, (b) 300 Hz, (c) 500 Hz, and (d) 1000 Hz (red squares denote the 258 

noise source positions). 259 

 260 
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When three pseudo noise sources are employed, as shown in Fig. 2(b), the pseudo noise sources are 261 

bounded by the angle formed between the 13 point sources and the error microphone to mimic the noise 262 

from the primary noise source. The pseudo noise sources can also be placed in a linear arrangement. 263 

However, an arc arrangement is more compact for mimicking noise from different directions. All three 264 

pseudo noise sources are located at the same distance from the reference microphone. The simulation 265 

results for three pseudo noise sources are compared with those for a single pseudo noise source in Fig. 266 

5, where the pseudo noise sources are placed 1 m and 20 m from the ANC system, respectively. The 267 

performance of the single-channel ANC system for both distances decreases with increasing frequency 268 

(Fig. 5), and configurations that employ more pseudo noise sources to simulate the noise from different 269 

directions slightly increase the NR over the entire frequency range from 100 Hz to 1000 Hz. When the 270 

noise originates from a 60 m line of incoherent noise sources located 60 m from the ANC system, the 271 

highest NR is approximately 31 dB at 100 Hz and 12 dB at 1000 Hz, which can be achieved by placing 272 

the pseudo noise sources 20 m from the ANC system. By employing five pseudo noise sources, the 273 

average NR can be improved by a maximum of 3 dB, as shown in Fig. 5(b).   274 

 275 

   276 

                                          (a)                                                                      (b) 277 

Fig. 5. NR (dB) as a function of the frequency for different numbers of pseudo noise sources when the 278 

pseudo noise sources are (a) 1 m and (b) 20 m from the single-channel ANC system. The noise 279 

originates from a 60 m line of incoherent sources located 60 m from the ANC system. 280 

 281 

The proposed pseudo noise source method is feasible for configuring single-channel ANC systems 282 

to reduce the noise from a line of incoherent sources in the far field. The performance depends on the 283 

specific configurations. An average NR of more than 10 dB can be achieved at the error sensors at 1000 284 

Hz. When the noise comes originates from a line of incoherent point sources far from the ANC system, 285 

moving the pseudo noise sources farther away can effectively increase the noise reduction. NR increases 286 

with the distance between the pseudo noise sources and the ANC system and then approaches a constant 287 

when the distance exceeds a critical value, which can be determined by kymL0/d0 > 10. Using additional 288 
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pseudo noise sources to simulate the noise from the directions of the actual noise sources can improve 289 

the noise reduction over the entire frequency range.  290 

Note that these studies are based on numerical simulations. A theoretical formulation for NR 291 

dependence on distance and frequency is possible for a single-channel ANC system with one noise 292 

source, which is detailed in the Appendix. For a multichannel system, however, a simple theoretical 293 

formulation to predict the variability of NR with distance and frequency is difficult due to complications 294 

from multiple secondary sources. 295 

 296 

3.2 Multichannel systems 297 

Two simplified multichannel ANC systems were investigated, as shown in Fig. 6. Fig. 6(a) shows 298 

a multiple single-channel ANC system; its cost function is defined in Eq. (2). Fig. 6(b) shows a coupled 299 

multichannel ANC system with one reference microphone; its cost function is defined in Eq. (4). Only 300 

one reference microphone is used in the coupled multichannel ANC system in Fig. 6(b), as the fully-301 

coupled multichannel ANC system with multiple reference microphones is computationally demanding 302 

and implementation in experiments is difficult.  303 

In the simulations, a three-channel system (L = 3) was investigated. The coordinates of the reference 304 

microphones, control sources and error microphones in Fig. 6(a) are summarized in Table 1. For the 305 

coupled three-channel ANC system with one reference microphone in Fig. 6(b), the coordinates of the 306 

control sources and error microphones are equivalent, as shown in Table 1 but only one reference 307 

microphone at (0, 0, 0) was employed.  308 

 309 

Table 1. Coordinates of the reference microphones, control sources, and error microphones in the 310 

simulations and indoor experiments for the three-channel systems.  311 

Coordinates in meters 
Channel index l = 1, 2, …, L (L = 3) 

l = 1 l = 2 l = 3 

Reference microphones rr,l = (xr,l, yr,l, zr,l) (0.078, 0.010, 0) (0, 0, 0) (0.078, 0.010, 0) 

Control sources rc,l = (xc,l, yc,l, zc,l) (0.039, 0.155, 0) (, 0.150, 0) (0.039, 0.155, 0) 

Error microphones re,l = (xe,l, yc,l, ze,l) (0.013, 0.252, 0) (, 0.250, 0) (0.013, 0.252, 0) 

 312 
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                                       (a)                                                                            (b) 314 

Fig. 6.  Diagram of (a) a multiple single-channel ANC system and (b) a coupled multichannel 315 

ANC system with one reference microphone. 316 

 317 

The pseudo noise sources are placed along an arc to mimic the primary noises from different 318 

directions. A linear arrangement of the pseudo noise sources obtain similar results as the arc 319 

arrangement, with a difference in noise reduction of less than 1 dB. A detailed comparison of the results 320 

is beyond the scope of this paper. In the simulations, the three pseudo noise sources are simultaneously 321 

driven by a tonal signal to mimic the noise from different directions.   322 

For the primary noise that originates from a 60 m line of 13 random-phased incoherent point sources 323 

that is located 60 m from the ANC system, the effect of the distance from the pseudo noise sources to 324 

the ANC system on the performance is simulated and plotted against the dimensionless number 325 

kym,2L0/d0 in Fig. 7. In the simulations, the three-channel systems (L = 3, U = 3) were investigated, and 326 

the second channel is on the y-axis, as shown in Fig. 6, where ym,2 denotes the distance from the pseudo 327 

noise source to the ANC system.  As a baseline for comparison, the simulation results for the fully-328 

coupled three-channel system with three reference microphones are also shown in Fig. 7, where the 329 

vertical bars indicate the standard deviation of 100 trials.  330 

As shown in Fig. 7, the average NR increases with distance from the pseudo noise sources to the 331 

ANC system and then approaches a constant, which is similar to the results for the single-channel 332 

system. The fully-coupled three-channel system with three reference microphones shows the highest 333 

NR, as expected, which is approximately 3 dB higher than the three single-channel system when the 334 

pseudo noise sources are placed far from the ANC system (kym,2L0d0 > 10). The performance of the 335 

three single-channel system is slightly superior to that of the coupled three-channel system with one 336 

reference microphone as the three single-channel systems have three reference microphones, which 337 

better detect noise from different directions. 338 
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   339 

                                            (a)                                                                     (b) 340 

  341 

                                            (c)                                                                   (d) 342 

Fig. 7. NR (dB) as a function of the dimensionless number kym,2L0/d0 at (a) 100 Hz, (b) 300 Hz, 343 

(c) 500 Hz and (d) 1000 Hz. 344 

 345 

As shown in Fig. 7, the NR decreases with increasing frequency. For a clear illustration, the NR as 346 

a function of frequency is shown in Figs. 8(a) and 8(b) for the pseudo noise sources that are placed 1 m 347 

and 20 m, respectively, from the ANC systems. As shown in Fig. 8, the performance of all systems 348 

decreases with increasing frequency and the three-channel system achieves a better performance than 349 

the single-channel ANC system. For primary noise from a 60 m line of 13 random-phased incoherent 350 

point sources that are located 60 m from the ANC system, the highest NR by the three single-channel 351 

system is approximately 30 dB at 100 Hz to 10 dB at 1000 Hz, which can be achieved by placing the 352 

pseudo noise sources 20 m from the system. Note that the NR in Fig. 8 for the three-channel systems is 353 

slightly lower than that in Fig. 5 for the single-channel system as the NR in Fig. 8 is averaged over three 354 

error microphones while the NR in Fig. 5 is calculated for a single error microphone.  355 

 356 



14 
 

    357 

                                       (a)                                                                       (b) 358 

Fig. 8. NR (dB) as a function of frequency for a distance between the pseudo noise sources and the 359 

ANC system of (a) ym,2 = 1.0 m and (b) ym,2 = 20 m.  360 

 361 

The feasibility of the proposed pseudo noise source method is verified for the multiple single-362 

channel system and the coupled multichannel system with one reference microphone. Similar to the 363 

single-channel ANC system, the performance of the multichannel ANC systems can be improved by 364 

moving the pseudo noise sources farther from the ANC systems. The NR increases with the distance 365 

between the pseudo noise sources and the ANC system and then approaches a constant when the 366 

distance exceeds a critical value, which depends on frequency and the length of the far-field noise 367 

sources.  368 

 369 

4. Experiments 370 

Experiments for the single-channel ANC system were performed in a large open-plan room while 371 

the multichannel systems were tested in both a large open-plan room and outdoor environments. In the 372 

experiments, the reference microphones were Anty M1212U 1/2'' unidirectional microphones, and the 373 

error microphones were Anty M1212 1/2'' omnidirectional free-field microphones. An Anty MC08 374 

eight-channel signal conditioner was used to connect the reference and error microphones to an 375 

Antysound Tiger ANC-Ⅱ controller [29]. In the tuning stage, the secondary paths were modelled and 376 

then the controller coefficients were adjusted to cancel the pseudo noise sources. After optimal 377 

controller coefficients were determined for the pseudo noise sources, they were fixed and employed to 378 

cancel the far-field primary noise in the cancelling stage.  379 

To model the secondary paths, a random noise signal was generated by the controller and played 380 

back through the control sources; the error signals were picked up by the error microphones and fed to 381 

the controller. An FIR filter was used to model the secondary paths from each control source to the 382 

error microphones. The step size of the FIR filters was adjusted to achieve a balance between the 383 

stability and the convergence speed. In the experiments, a step size of 0.01 and 0.1 were applied for the 384 

secondary path filters in the indoor experiments and outdoor experiments, respectively.  385 
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After the secondary paths were modelled, the controller was used to cancel the pseudo noise signals. 386 

The controller generated a random noise signal, which was played back through the pseudo noise 387 

sources. The FxLMS algorithm was employed by the controller to adaptively adjust the control filter 388 

coefficients to minimize the error signals at the error microphones. The step size of the control filters 389 

was adjusted to achieve a balance between the stability and the convergence speed, and the leakage 390 

factor was adjusted to achieve a balance between the stability and the noise reduction. In the indoor 391 

experiments, the step size value and leakage factor were set to 0.01 and 10-6, respectively. In the outdoor 392 

experiments, the step size value and leakage factor were set to 0.1 and 10-4, respectively.  393 

 394 

4.1 Indoor single-channel ANC of tonal disturbance 395 

The experimental setup for the single-channel ANC system is shown in Fig. 9, where all cables are 396 

removed for clarity. The loudspeakers and microphones were placed on the ground to eliminate the 397 

reflections from the floor, and both the noise sources and the pseudo noise sources were placed within 398 

1.0 m of the ANC system to ensure that the direct sound was dominant. In the indoor experiments, the 399 

Digitech CS-2478 loudspeakers served as control sources while the Genlec 6010 active loudspeakers 400 

served as primary and pseudo noise sources.  In the experiments, the control source and error 401 

microphone were located 0.15 m and 0.3 m, respectively, from the reference microphone. The reference 402 

microphone was located behind the control sources and is not shown in the photos (blocked by the 403 

control source). 404 

Three noise sources were placed 1.0 m from the reference microphone to simulate the primary noise 405 

from different directions. In the first measurement, the single-channel ANC system was optimized with 406 

a single pseudo noise source, as shown in Fig. 9(a), and the pseudo noise source was removed and the 407 

system was used to cancel the noise from three primary noise sources. In the second measurement, three 408 

pseudo noise sources that mimic primary noise from different directions were employed to optimize the 409 

single-channel ANC system. After the single-channel ANC system was optimized, the three pseudo 410 

noise sources were removed and the system was used to cancel the noise from three primary noise 411 

sources, as shown in Fig. 9(b).  412 

 413 

 414 
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   415 

                                        (a)                                                                              (b) 416 

Fig. 9. Experimental setup for the single-channel ANC system with (a) a single pseudo noise 417 

source and (b) three pseudo noise sources in a large open-plan room. 418 

 419 

The measurement results at 100 Hz and 300 Hz are compared with the simulation results in Fig. 10, 420 

where the simulation setup is the same as that in the measurements. Fig. 10 shows the NR as a function 421 

of distance between the pseudo noise sources and the single-channel ANC system. Moving the pseudo 422 

noise source farther from the ANC system increases the NR for both configurations, which in consistent 423 

with the simulation results. A comparison between Figs. 10(a) and 10(b) shows that the NR at 100 Hz 424 

is higher than that at 300 Hz, which is consistent with the simulation results. In addition, using three 425 

pseudo noise sources can improve the performance compared with using a single pseudo noise source 426 

as more pseudo noise sources can better mimic the primary noise from different directions. The 427 

measurement results in Fig. 10 comply with the simulations and verify the conclusions obtained from 428 

the simulation results in Section 3.1.  429 

 430 

  431 

                                        (a)                                                                            (b) 432 

Fig. 10. Experimental results for the single-channel ANC system with three primary noise sources 433 

located 1.0 m from the system. NR (dB) as a function of the distance between the pseudo noise 434 

sources and the ANC system at (a) 100 Hz and (b) 300 Hz.  435 

 436 



17 
 

4.2 Indoor multichannel ANC of tonal disturbance 437 

The performance of the three single-channel ANC system and the performance of the coupled three-438 

channel system with one reference microphone were measured in a large open-plan room. The 439 

experimental setup for the three single-channel ANC system is shown in Fig. 11, where the reference 440 

microphones are blocked by the control sources. In the experimental setup in Fig. 11, the coordinates 441 

of the reference microphones, control sources and error microphones are the same as those shown in 442 

Table 1. The experimental setup for the coupled three-channel system with one reference microphone 443 

is the same as that in Fig. 11 and Table 1, with the exception that only one reference microphone at (0, 444 

0, 0) was employed. In the experiments, three pseudo noise sources were simultaneously active to mimic 445 

the noise from different directions. After the system was optimized, the three pseudo noise sources were 446 

removed and the system coefficients were fixed and applied to cancel the noise from three primary 447 

noise sources.  448 

 449 

  450 

Fig. 11. Experimental setup for the three single-channel ANC system and the coupled three-451 

channel ANC system with one reference microphone.  452 

 453 

The measurement results for the three single-channel ANC system are compared with the 454 

simulation results in Fig. 12, where the simulation setup is equivalent to that in the measurements. In 455 

Fig. 12(a), the three primary noise sources were fixed 1.0 m from the system and the three pseudo noise 456 

sources were placed at different positions to study the effect on NR. For the noise sources far from the 457 

system, moving the pseudo noise sources farther away improves the performance, which shows 458 

agreement with the simulation results. In Fig. 12(b), the three pseudo noise sources were fixed 0.2 m 459 

from the system and the three noise sources were moved from 0.2 m from the system to 1.0 m from the 460 

system to study the effect of the primary noise source locations on the system NR performance. Figure 461 

12(b) shows that the system performance is optimal when the positions of the pseudo noise sources are 462 

identical to the positions of the primary noise sources, and the NR decreases with the distance between 463 

the primary noise sources and the system.  464 
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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 465 

measurement uncertainties. In the experiments, noise sources were placed near the ANC system to 466 

render the direct sound dominant and the reflections from the walls and ceiling negligible. However, 467 

some reflections and scattering occurred from nearby tables and chairs. Although the pseudo noise 468 

sources and primary noise sources were placed at the labelled positions in Fig. 11, the acoustic centre 469 

may slightly differ for the measurements at 100 Hz and 300 Hz. The noise reduction measured at 300 470 

Hz may not be lower than that at 100 Hz, as shown in Fig. 12(b). 471 

 472 

  473 

                                       (a)                                                                            (b) 474 

Fig. 12. Experimental results for the three single-channel ANC system. (a) NR in dB as a function of 475 

distance from the pseudo noise sources to the ANC system when the primary noise sources are 476 

located 1.0 m from the system. (b) NR in dB as a function of distance from the primary noise source 477 

to the ANC system when pseudo noise sources are located 0.2 m from the system.  478 

 479 

Similarly, the measurement results for the coupled three-channel ANC system with one reference 480 

microphone are compared with the simulation results in Fig. 13, where the simulation setup is the same 481 

as that in the measurements. Moving the pseudo noise sources farther away increases the NR for far-482 

field noise sources, which shows agreement with the simulation results. When the noise sources and 483 

pseudo noise sources are located 1.0 m from the ANC system and 0.2 m from the ANC system, 484 

respectively, the measured NR in Fig. 13(b) is approximately 3 dB higher than that in Fig. 13(a). This 485 

finding might be attributed to the measurement uncertainties, e.g., the positions of the noise sources and 486 

pseudo noise sources were not identical in the two measurements. The consistency between the 487 

simulation results and the measurement results in Figs. 12 and 13 demonstrates the feasibility of the 488 

proposed pseudo noise source method for tuning the ANC system to far-field noise control.  489 

 490 

 491 

 492 

 493 
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  494 

                                           (a)                                                                      (b) 495 

Fig. 13. Experimental results for the coupled three-channel ANC system with only one reference 496 

microphone. (a) NR in dB as a function of distance from the pseudo noise sources to the ANC system 497 

when the primary noise sources are located 1.0 m from the system. (b) NR in dB as a function of 498 

distance from the primary noise source to the ANC system when the pseudo noise sources are located 499 

0.2 m from the system.  500 

 501 

4.3 Outdoor multichannel ANC of broadband disturbance 502 

To further evaluate the performance of the proposed method in real applications, an outdoor 503 

experiment was conducted in Richmond, Victoria, Australia. The experimental setup is shown in Fig. 504 

14(a), where a six-channel system with one reference microphone was employed in the experiment. As 505 

illustrated in Fig. 14(a), the six control sources were placed along an arc to create a small quiet zone. 506 

The reference microphone was placed 1.6 m from the control sources to reduce the effect of acoustic 507 

feedback from the control sources for better ANC system stability and to ensure the causality of the 508 

ANC system, which has an inherent delay of 375 s due to the AD/DA converters and digital signal 509 

processing. A pseudo noise source was placed 20 cm in front of the reference microphone. The purpose 510 

of the outdoor experiments was to demonstrate the use of a virtual sound barrier to create a small quiet 511 

zone behind the array of control sources, as shown in Fig. 14(a). When the outdoor experiments were 512 

conducted, only one loudspeaker was available to act as the pseudo noise source, which was placed in 513 

the direction of traffic noise to tune the controller.  514 

In the tuning stage, random white noise below 500 Hz was produced through the pseudo noise 515 

source loudspeaker to adjust the control filter coefficients. After the coefficients were optimized, the 516 

pseudo noise source was removed and the system coefficients were fixed to cancel the traffic noise from 517 

the motorway that was located approximately 60 m from the ANC system. Although the simulation 518 

results to 1000 Hz are shown in Section 3, low frequencies below 500 Hz was the principal interest for 519 

outdoor traffic noise, especially noise caused by heavy trucks. Therefore, the ANC system was trained 520 

only for frequencies below 500 Hz in the outdoor experiments.  521 
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In the measurements, the traffic noise was recorded by a Neumann KU100 dummy head behind the 522 

ANC system (not shown in this paper) for three minutes with a sampling rate of 48 kHz when the ANC 523 

system was both on and off, and the Welch method was applied to estimate the power spectral density 524 

with a window size of 8192 samples and 50% overlap. The results, which are shown in Fig. 14(b), 525 

reveals that a maximum NR of 9 dB is achieved below 400 Hz but noise above 400 Hz is not reduced. 526 

The total NR in the frequency range below 500 Hz is 3 dB. The measured NR is not as acceptable as 527 

that from the simulations, which exceeds 20 dB below 400 Hz as the simulations are performed for 528 

tonal sound signals while the measured noise is broadband, and only one pseudo noise source was used 529 

in the experiments due to a limitation of available equipment. In future studies, multiple pseudo noise 530 

sources will be utilized to imitate traffic noise from different directions.   531 

 532 

 533 

   534 

                                       (a)                                                                            (b) 535 

Fig. 14. (a) Experimental setup and (b) measurement results for the six-channel ANC system with 536 

only one reference microphone in outdoor environments.  537 

 538 

Both indoor and outdoor experiments were conducted to investigate the performance of the 539 

proposed pseudo noise source method for configuring the fixed-coefficients feedforward active noise 540 

control system. The measurement results of the single-channel system, the multiple single-channel 541 

system, and the coupled multichannel system with one reference microphone are consistent with the 542 

simulation results, which validates the feasibility of the proposed method.  543 

 544 

5. Discussions 545 

The limitations of the current study and directions for future research are discussed in this section. 546 

In the theoretical analysis in Section 2 and the simulations in Section 3, the regularization factor was 547 

assumed to be zero after Eq. (6) for the best performance. Although the ill-conditioning problem was 548 

not encountered in the simulations in Section 3, a non-zero regularization factor is needed to increase 549 

the stability of the ANC system for non-stationary traffic noise signals at the cost of reducing the noise 550 
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reduction performance. Therefore, the simulation results provide a reference for the upper limit 551 

performance, which can be achieved by the proposed method, rather than a reference for the final 552 

performance for real applications in the future.   553 

The simulation results show the noise reduction performance at the error microphones without 554 

measuring the size of the quiet zone, which depends on many factors, such as frequency, control source 555 

locations, and error microphone positions. A detailed analysis of the effect of these factors on the quiet 556 

zone is provided in the literature [14,30], which is beyond the scope of this paper. The contribution of 557 

this paper is the proposed pseudo noise source method for configuring the active noise control system 558 

for traffic noise. The noise reduction at the error microphone usually has the highest value, which is a 559 

suitable measure for examining the feasibility of the proposed method. Therefore, it is employed to 560 

show the simulation results in this paper. 561 

In the indoor experiments, both the primary noise sources and the pseudo noise sources were placed 562 

near the ANC system to make the direct sound dominant, which enables the reflections from the walls 563 

and ceiling to be disregarded. The primary noise is not considered as the far-field sound. One 564 

contribution of the proposed method is that the ANC system can achieve a noise reduction when the 565 

pseudo noise sources are placed at different locations from the primary noise sources. Due to the 566 

limitations of indoor experiments, the specific values of the NR cannot act as a reference for outdoor 567 

traffic noise control. However, the indoor experiments can be used to demonstrate the feasibility of the 568 

proposed method to tune the ANC system using pseudo noise sources and verify the simulation scheme. 569 

Future research can include indoor experiments in an anechoic chamber, in which the system is set up 570 

as close to the practical outdoor applications as possible.  571 

In the outdoor experiments, only one loudspeaker was available for use as the pseudo noise source 572 

when the experiment was conducted, and the pseudo noise source was placed near (20 cm) the reference 573 

microphone to ensure that the pseudo noise source signal is considerably higher than the background 574 

noise. As the experiments were performed outdoors, the traffic noise from the motorway is loud. If the 575 

pseudo noise source was placed far from the reference microphone, the pseudo noise sources signal 576 

would be masked by the traffic noise. The usage of only one pseudo noise source near the reference 577 

microphone may cause inferior performance in the measurements. In practical applications in the future, 578 

additional pseudo noise sources will be needed to mimic the far-field traffic noise and achieve better 579 

performance.   580 

In Ref. [22], a loudspeaker was mounted on a car that operated at 30 km/h in outdoor experiments, 581 

where approximately 5–9 dB of noise reduction was achieved at the error microphones. In Ref. [23], a 582 

loudspeaker was mounted on a traversing system in an anechoic chamber to mimic a moving sound 583 

source, and noise reduction at the error microphone was approximately 10 dB between 100 Hz and 200 584 

Hz for a moving speed of 1 m/s. However, no noise reduction occurred below 100 Hz or above 200 Hz 585 

[23]. These studies focused on active control of noise from a single moving primary noise source. In 586 

practice, multiple moving noise sources often exist in traffic noise, which may worsen the performance. 587 
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This study uses a different approach by modelling the traffic noise as a line of incoherent point sources 588 

in the simulations, which is similar to realistic motorway noise. In the outdoor experiments of this 589 

research, the noise reduction was evaluated by a Neumann KU100 dummy head instead of the 590 

measurement at the error microphones. Therefore, obtaining a clear conclusion by directly comparing 591 

the results of this research with that of [22] and [23] is difficult. 592 

 593 

6. Conclusions 594 

This study proposed a pseudo noise source method for configuring fixed-coefficient ANC systems 595 

for traffic noise control. Numerical simulations were performed for both a single-channel ANC system 596 

and a multichannel ANC system to study the noise reduction performance of the proposed method for 597 

a long line of incoherent noise sources located 60 m from the system. The findings indicated that the 598 

noise reduction increased with the distance between the pseudo noise sources and the ANC system and 599 

then approached a constant when the distance exceeded a critical value, i.e., when the dimensionless 600 

number kymL0/d0 was larger than 10. Experiments with a single-channel ANC system, a multichannel 601 

ANC system with three single-channel modules, and a coupled three-channel ANC system with one 602 

reference microphone were conducted in a large open-plan room to control the noise from three far-603 

field noise sources. The measurement results agreed with the simulation results, in general, 604 

demonstrating the feasibility of the proposed method. An outdoor onsite experiment was also conducted 605 

with a coupled six-channel ANC system with one reference microphone to further verify the proposed 606 

method. Two limitations of this study are that acoustic feedback from the control sources to the 607 

reference microphones was not considered and the system was not adaptive. Future research will 608 

explore the proposed method of multiple single-channel ANC systems with practical applications for 609 

outdoor traffic noise control to create a large quiet area.  610 
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Appendix 688 

The NR dependency on distance and frequency is formulated for the single-channel ANC system. 689 

For a single-channel ANC system, the total sound pressure at the error microphone can be written as 690 

  𝑒(𝜔) = 𝑝(𝜔) + 𝑞(𝜔)𝑥(𝜔)𝑍ce(𝜔), (A.1) 691 

where p() is the primary noise pressure at the error microphone, x() is the sound pressure at the 692 

reference microphone, q() represents the controller coefficients, and Zce() is the transfer function 693 

from the control source to the error microphone. By setting the cost function as the squared sound 694 

pressure at the error microphone, the optimal controller response can be obtained as  695 

 𝑞(𝜔) = −
𝑝(𝜔)

𝑥(𝜔)𝑍ce(𝜔)
. (A.2) 696 

For the proposed pseudo noise source scheme, the controller is optimized for the pseudo noise 697 

source placed at rm in front of the ANC system; thus, 698 

 𝑞m(𝜔) = −
𝑝m(𝜔)

𝑥m(𝜔)𝑍ce(𝜔)
, (A.3) 699 

where xm() and pm() are the sound pressure due to the pseudo noise source at the reference 700 

microphone and the error microphone, respectively. This optimized controller is utilized to control the 701 

primary noise source in the far field. Substituting Eq. (A.3) into Eq. (A.1), the sound pressure at the 702 

error microphone can be obtained as 703 

 𝑒(𝜔) = 𝑝(𝜔) −
𝑥(𝜔)

𝑥m(𝜔)
𝑝m(𝜔). (A.4) 704 

Therefore, the noise reduction (dB) at the error microphone can be derived as 705 

 𝑁𝑅(𝜔) = 10log10 (|
𝑝(𝜔)

𝑝(𝜔)−
𝑥(𝜔)

𝑥m(𝜔)
𝑝m(𝜔)

|

2

). (A.5) 706 

Eq. (A.5) shows that the noise reduction performance of the single-channel system is determined by the 707 

sound pressure at the error microphone and the reference microphone due to the actual noise source and 708 

the pseudo noise source, respectively.  709 

If only one pseudo noise source is present in the free field, the sound pressure due to the pseudo 710 

noise source at the reference microphone and error microphone are 711 

 𝑥m(𝜔) = 𝐴m
𝑒−j𝑘𝑅mr

4𝜋𝑅mr
, (A.6a) 712 

and 713 

 𝑝m(𝜔) = 𝐴m
𝑒−j𝑘𝑅me

4𝜋𝑅me
, (A.6b) 714 

respectively, where Am is the amplitude of the pseudo noise source, k is the wavenumber, j is the 715 

imaginary unit, and Rmr = |rmrr| and Rme = |rmre| are the distance from the pseudo noise source to the 716 

reference microphone and the error microphone, respectively. Similarly, the sound pressure due to the 717 

actual noise source at the reference microphone and error microphone are  718 

 𝑥(𝜔) = 𝐴n
𝑒−j𝑘𝑅nr

4𝜋𝑅nr
, (A.7a) 719 
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and 720 

 𝑝(𝜔) = 𝐴n
𝑒−j𝑘𝑅ne

4𝜋𝑅ne
, (A.7b) 721 

respectively, where An is the amplitude of the noise source and Rnr = |rnrr| and Rne = |rnre| are the 722 

distance from the noise source at rn to the reference microphone and error microphone, respectively. 723 

Substituting Eqs. (A.6) and (A.7) into Eq. (A.5),  724 

 𝑁𝑅(𝜔) = −10log10 (|1 −
𝑅ne

𝑅nr

𝑅mr

𝑅me
𝑒−j𝑘(𝑅nr−𝑅ne+𝑅me−𝑅mr)|

2
). (A.8) 725 

If both the noise source and the pseudo noise source are on the y axis, as shown in Fig. 1(a), Rne = 726 

Rnr + d and Rme = Rmr + d (d is the distance between the reference microphone and error microphone), 727 

the NR is independent of frequency as the exponential term in Eq. (A.8) is 0. If the distance from the 728 

noise source to the reference microphone Rnr is considerably larger than d, then Rne ≈ Rnr, Eq. (A.8) can 729 

be simplified as  730 

 𝑁𝑅(𝜔) = −10log10 (|1 −
𝑅mr

𝑅mr+𝑑
|
2
). (A.9) 731 

If the pseudo noise source is far from the ANC system, i.e., Rmr is considerably larger than d, then the 732 

NR can be further simplified as  733 

 𝑁𝑅(𝜔) = 20log10 (
𝑅mr

𝑑
). (A.10) 734 

Eq. (A10) shows that the NR for a far-field noise source increases by 6 dB for a fixed ANC system 735 

when the distance between the pseudo noise source and the reference microphone doubles, but is 736 

independent of the location of the real primary noise source. This result is different from the results in 737 

Figs. 3 and 7, where NR increases with distance and then approaches a constant when the distance 738 

exceeds a critical value, as Eqs. (A.8) to (A.10) are only valid when only one primary noise source and 739 

only one pseudo noise source are utilized. When multiple primary noise sources exist, as in this study, 740 

the noise reduction increases with distance and then approaches a constant when the distance exceeds 741 

a critical value, i.e., kymL0/d0 > 10.  742 

 743 


