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ABSTARCT  23 

The openings of an enclosure allow natural ventilation and light ingress but also 24 

act as a point of entry for noise of the whole structure. In this paper, the active control 25 

of the sound transmitted through a small opening in a wall formed by two infinitely-26 

large baffles is investigated up to 4000 Hz. Based on an analytical model developed 27 

with the modal expansion method, the effects of different secondary source and the 28 

error sensor strategies are compared numerically for different types of primary sound 29 

fields. The upper limit frequency of effective control is found to be determined by the 30 

eigen frequency of the acoustic modes of the opening. Experimental results with an 31 

opening of 6 cm by 6 cm on a 31.8 cm thick wall agree well with the numerical results. 32 

The upper limit frequency of effective control is found to be 2750 Hz for a single-33 

channel system and 3900 Hz for a 4-channel system with more than 10 dB noise 34 

reduction. It is concluded that implementing active control in small openings with 35 

appropriate secondary source and error sensing strategy can extend the frequency range 36 

of control significantly, so that the active control systems can be applied to more noise 37 

control scenarios which have both noise reduction and ventilation requirements in the 38 

middle to high frequency range. 39 

 40 
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1. Introduction 42 

The openings of an enclosure such as windows, doors and ventilation ducts allow 43 

natural ventilation and light ingress but also act as a point of entry for noise of the whole 44 

structure. Much research has gone into the prediction of sound transmission through 45 

apertures to aid in the investigation of passive and active noise control measures. 46 

Different models have been proposed for analyzing the sound transmission 47 

through an opening in a wall. Earlier studies had focused on circular openings in 48 

infinitely large walls. With the boundary conditions established by using integral 49 

equations, the transmission coefficient of the opening was expressed as a function of ka 50 

(where k is the wave number and a is the aperture radius), and the transmission 51 

coefficient was found to be independent of ka at low frequencies and approach unity at 52 

high frequencies [1]. These studies have been extended to openings in a wall with 53 

arbitrary thickness, and an approximate solution was proposed by combining the piston 54 

theory with the plane wave assumption inside the opening [2]. The experimental results 55 

between two reverberant chambers indicate that the error of the solution is on average 56 

less than 2 dB up to ka = 8, where the plane wave assumption becomes invalid. The 57 

case of a rectangular opening under similar boundary conditions was also investigated 58 

and the square apertures were found to behave similarly to the circular ones [3].  59 

Some numerical models have been developed for complicated sound fields. To 60 

predict the sound transmission loss of openings in a diffuse field, a numerical method 61 

based on the modal expansion has been presented, being validated by the FEM-BEM 62 

and experiments [4]. Another model has been presented by using a spatial Fourier 63 
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transform approach to obtain the scattered and transmitted fields in series forms [7]. 64 

For a point source impinging from at an arbitrary angle in the far field, an approximate 65 

model has been proposed. The model ignores the coupling of the higher-order modes, 66 

so becomes invalid when the point source is near the opening [9]. The interaction 67 

between an opening and its adjacent rooms with the oblique incidence point source has 68 

been considered, but this method requires large amount of computation when 69 

accounting for the eigenmodes in both rooms [10]. However, the numerical methods 70 

introduce an integral which converges slowly and contains troublesome singularities. 71 

To improve the accuracy and numerical efficiency of the transmission model for a 72 

cylindrical opening, a rigorous model with highly convergent hypergeometric series in 73 

terms of a Hankel transform has been proposed [11]. 74 

Passive methods have been applied in reducing noise transmitted through openings 75 

of a building due to their stability and ease of design for a certain kind of noise. A 76 

quarter-wave resonator was designed to attenuate fan noise entering buildings through 77 

openings and obtained approximately 67 dB attenuation in the 1.25 and 3.15 kHz one-78 

third octave bands [12]. By designing resonators of different lengths, noise attenuation 79 

over a wide frequency range rather than at an isolated, discrete frequency can be 80 

achieved. However, the volume of the resonator is large for low frequency noise for the 81 

length of the resonator corresponds to one quarter wavelength or odd multiple of the 82 

noise. The transparent micro-perforated absorbers were used along the ventilation path 83 

of a staggered window to control road traffic noise and obtained approximate 5.8 dB in 84 

the 800–8000 Hz range [13]. This method allows noise attenuation whilst maintaining 85 
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comfort ventilation and daylighting. However, the limitations include poor noise 86 

reduction at low frequencies, the ventilation performance being limited by the staggered 87 

structure, and extra space for multiple layers of MPA. 88 

In order to improve noise reduction performance at low frequencies, active noise 89 

control (ANC) technique has been applied in the openings. To reduce noise radiated 90 

outward from a room through a window, a multichannel ANC system with 5 secondary 91 

sources in the surrounding wall and 4 error sensors in the opening was developed and 92 

a noise reduction of 15 dB was achieved in the 200 Hz one-third octave band [14]. To 93 

block the noise from a window of 0.09 m2 into a room, an 8-channel active window 94 

system with its control sources evenly distributed at the edge of the window was 95 

established and a noise reduction of approximate 10 dB was achieved in the range of 96 

400–1000 Hz [15].  97 

Lots of channels are needed for a relatively large window. A 16-channel ANC 98 

system with secondary sources distributed evenly on the opening was tested with a full-99 

sized window, and an overall attenuation of more than 5 dB below 2000 Hz was 100 

achieved [16]. Another solution is using the double layers sound insulation structures 101 

with staggered opening, and ANC systems are developed to combine with such 102 

structures to form the hybrid noise control systems. For example, the secondary source 103 

was embedded in a staggered ventilation duct for the window, and a noise reduction of 104 

10 dB at observation points was achieved up to 390 Hz for a single-channel system and 105 

420 Hz for a 2-channel system in the experiments [17]. This solution transforms the 106 

original three dimensional sound field problems into one dimensional duct acoustic 107 
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problems so that ANC can be applied more efficiently with better noise reduction 108 

performance and lower cost. Its disadvantages are the complicated structure and some 109 

loss of the air exchange rate. 110 

The mechanisms and secondary source configurations of an ANC system for large 111 

openings have been discussed. Three mechanisms were revealed to act together in 112 

reducing the sound radiation through the opening, which include changing the 113 

impedance of the primary source, modal control and modal rearrangement [18]. The 114 

size of an opening affects the control performance. When the opening size is compatible 115 

with the acoustic wavelength, a few sources are necessary for good control, but when 116 

the size is large compared to the wavelength, more secondary sources are required for 117 

good control and the results become similar to those in the free-field [19]. Different 118 

physical arrangements of control sources in a window with planar wave incidence were 119 

investigated using a 2D FEM model [20]. It was found that the array of secondary 120 

sources exhibited good overall performance when situated in the center of the walls and 121 

the separation distance between the secondary sources should be less than λ/(1+ sinθ) 122 

(where λ is the wave length and θ is the angle of incidence).  123 

Presently, the models for predicting the opening transmission in a wall with 124 

arbitrary thickness have been established, passive methods have been proposed to 125 

reduce sound transmission through openings at high frequencies, and active control 126 

systems have been applied in large openings in the low frequency range. Considering 127 

the requirement of natural ventilation and noise reduction for buildings, it is a feasible 128 

solution for installing ANC systems in several small openings in the outer wall. The 129 
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straight and short opening without staggered structure is good for ventilation at the cost 130 

of almost no noise reduction effect. In addition, since the passive method requires more 131 

space or reduces ventilation, only active control but not hybrid control is adopted. As a 132 

result, the frequency range of effective noise reduction of the ANC system should be 133 

extended to middle and high frequency range, such as up to 4000 Hz, which covers 134 

most of the frequency bands of traffic noise and environmental noise. In this paper, an 135 

ANC system in a small opening is investigated. An analytical model was first developed 136 

to analyze the effects of different secondary source and the error sensor strategies. 137 

Simulations with analytical model agree with the FEM method. Finally, the experiments 138 

were designed in an anechoic chamber which verify the proposed analytical models and 139 

show the practical feasibility of the active control system in a small opening. For more 140 

ventilation, multiple openings containing active control systems can be designed on the 141 

wall, so the wall can reduce the noise transmitted through the openings with good 142 

natural ventilation. 143 

 144 

2. Analytical model 145 

Fig. 1 shows a rectangular opening in a wall formed by two infinitely-large baffles 146 

with the length, width and depth of Lx, Ly, and t, respectively. A primary source is 147 

located outside the opening, and a secondary source is located in the opening within the 148 

depth of the wall, both of which are point monopole sources. The Cartesian coordinate 149 

system is established with the origin at the center of the opening on the incidence side. 150 

 151 
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 152 

(a) 153 

 154 

(b) 155 

Fig. 1. An opening in an infinitely large wall, (a) three-dimensional view of the 156 

opening, (b) acoustic scattering and transmission of the opening. 157 

 158 

2.1. The primary sound field 159 

As shown in Fig. 1, the sound pressure at the incidence side of the opening can be 160 

calculated by the sum of the incident sound pressure pi, the reflected sound pressure pr, 161 
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and the scattered sound pressure ps as [4] 162 
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where r = (x, y, z) is a location in the sound field, and  164 
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where j denotes the imaginary unit, k is the wave number,  is the angular frequency, ρ 168 

is the density of the medium and qp is the strength of the primary source. rp = (xp, yp, zp) 169 

and r′p = (xp, yp, −zp) are the coordinates of the primary source and its mirror image of 170 

the wall.  171 

The incidence side of the opening surface is marked S1, r1 = (x1, y1, 0) is a location 172 

on S1, and G(r, r1) is the Green function in the semi-infinite space given by 173 
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The acoustic field inside the opening can be expanded analytically from [4] 175 
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where Am and Bm are the amplitudes of the mth mode propagating in the positive and 177 

negative z directions inside the opening. The wave number km and k are related by 178 
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where mx and my are the modal indices. ϕm(x, y) is the eigenfunction of the (mx, my) 180 
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mode of an infinitely long rectangular rigid duct with a cross section of LxLy, which is 181 

given by 182 
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Similarly, the sound pressure at the transmitted side can be expressed as 184 
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where S2 is the opening surface on the transmitted side, and r2 = (x2, y2, t) is a location 186 

on S2. 187 

The boundary conditions on both end surfaces of the opening are [4] 188 
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By substituting Eqs. (1), (6) and (9) into Eqs. (10) and (11), multiplying both sides 193 

of the equations with ϕn, and integrating on both end surfaces of the opening, yields 194 
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where 
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where r0 = (x0, y0, 0), r1 = (x1, y1, 0), and Zmn is the cross modal radiation impedance 200 

between modes m and n [21].  201 

After calculating Eqs. (14) and (15) with numerical methods, Am and Bm can be 202 

obtained by solving Eqs. (12) and (13). Then, the sound pressure at location r on S2 can 203 

be calculated by substituting Eq. (11b) into Eq. (9), and the corresponding normal 204 

particle velocity can be derived by using the sound pressure. The pressure transfer 205 

function Zpr(r, rp) and the particle velocity transfer function Ypr(r, rp) from the primary 206 

source located at rp to location r on S2 can be calculated by dividing the sound pressure 207 

and the normal particle velocity at the location with the primary source strength.  208 

When K primary sources at locations rp,1, rp,2, …, rp,K, are considered, the pressure 209 

and the corresponding normal particle velocity of location r on S2 can be expressed as 210 

 ( ) ( )T

o pr pp r Z r q , (16) 211 

 
, ( ) ( )T

o z pr pv r Y r q , (17) 212 

where qp = [qp,1, qp,2, …, qp,K]T is the vector of the K primary sources strengths, Zpr(r) 213 

= [Zpr(r, rp,1), Zpr(r, rp,2), …, Zpr(r, rp,K)]T and Ypr(r) = [Ypr(r, rp,1), Ypr(r, rp,2), …, Ypr(r, 214 

rp,K)]T are the pressure transfer function and the corresponding normal particle velocity 215 

transfer function vectors from the primary sources to location r. 216 

The z direction component of the mean acoustic intensity of the primary sources 217 

at location r on the transmitted side of the opening is defined as 218 

 *
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Substituting Eqs. (16) and (17) into Eq. (18) and applying the relation Re(Z) = 220 
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(Z+Z*)/2 to the right hand side of Eq. (18) gives 221 
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The transmitted sound power from the primary source can be calculated by the 223 

integral of the acoustic intensity on the transmitted side surface of the opening, as 224 
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2.2. The secondary sound field 228 

For a secondary point source located inside the opening, only the scattered sound 229 

wave is generated at the incidence side of the opening and is given by 230 
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The sound pressure at r = (x, y, z) inside the opening generated by the secondary 232 

source can be expressed as [18] 233 
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where Um and Vm correspond to the mth amplitudes of the sound propagating in the 235 

positive and negative z directions, and qs is the strength of the secondary source. GA(r, 236 

rs) is the Green’s Function from source location rs = (xs, ys, zs) to r within the depth of 237 

the opening, written as [23] 238 
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Similarly, with Eqs. (22), (23), (9), (10) and (11), the following equations can be 240 
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derived 241 
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Um and Vm can be calculated by solving Eqs. (25) and (26), and sound pressure at 247 

transmitted side can be calculated by substituting Eq. (11b) into Eq. (9).  248 

2.3. The cost functions 249 

Two different cost functions are considered in the paper, which are the sum of the 250 

squared sound pressure at the error sensors and the total transmitted sound power. The 251 

first cost function is defined as [24] 252 
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where L is the number of the error sensors, pe,i is the total sound pressure of the ith error 254 

sensor, and qs is the vector of the source strengths of the secondary sources. The optimal 255 

strengths of the secondary sources can be obtained with [24][24] 256 
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where β is a positive real number for constraining the control effort [24]. Zse is the LM 258 

matrix of the acoustic transfer functions from the M secondary sources to the L error 259 

sensors, and Zpe is the acoustic transfer functions from the primary sources to the L 260 
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error sensors, which can be calculated by the analytical models proposed above. 261 

The second cost function considering the total transmitted sound power can be 262 

defined as 263 
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where Itz(r) is the normal mean acoustic intensity at location r, and can be expressed as 265 
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, (32) 267 

where Zpr(r) and Ypr(r) are the pressure transfer function and the particle velocity 268 

function from the K primary sources to location r as defined in Section 2.1, while Zsr(r) 269 

and Ysr(r) are the M1 vector of the pressure transfer function and the particle velocity 270 

transfer function from the M secondary sources to location r. Ipz(r) is the normal mean 271 

acoustic intensity of the primary source at the location r, as shown in Eq. (19). 272 

By substituting Eq. (32) into Eq. (31), Jw becomes 273 
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By equating ∂Jw/∂qs to 0, the optimal strengths of the M secondary sources qs,opt 279 
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can be obtained as 280 

 1

,opt ( )s w w   q A I b . (35) 281 

The transmitted sound power with control can be obtained by substituting Eq. (30), 282 

Eq. (32) and Eq. (35) into Eq. (20) 283 
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The performance of the ANC system is defined as the reduction of the transmitted 285 

sound power level by 286 
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  288 

3. Simulations 289 

3.1. Validation of the analytical model 290 

A rectangular opening with dimensions of Lx = 6 cm, Ly = 6 cm, t = 30 cm is used 291 

in the simulations. The thickness of a typical exterior wall of a civil building in China 292 

is about 28~34 cm, including the thickness of a whole brick wall (24 cm), the protective 293 

layer, the insulation layer and the adhesive layer [26]. On potential application of this 294 

research is to reduce environmental noise transmitted into a room via a number of small 295 

holes in a wall for ventilation or access purposes, so 30 cm is selected as the depth of 296 

the opening. A commercial software product (LMS Virtual Lab 12) is used to validate 297 

the analytical model described in Section 2. The element size of the FEM model is 298 

0.007 m, which corresponds to the one-twelfth wavelength of 4000 Hz. The total 299 

element number of the FEM model is 1776743. 64 modes of the opening from the (0, 300 

0)th to the (7, 7)th are considered in the calculation with the analytical model. The 301 
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fluctuation of noise reduction is less than 0.1 dB when modes over (7, 7)th are 302 

considered. The cut-off frequency for the plane wave propagation in an infinitely long 303 

opening with such a cross section size is 2833 Hz. The amplitude of both primary source 304 

and secondary source is 10−4 kg·s−2. Fig. 2 shows the calculated sound pressure levels 305 

at (−0.1, 0.08, 0.42) m at the transmitted side generated by the primary source at (−0.04, 306 

−0.03, −0.1) m and the secondary point source at (0.03, 0, 0.15) m, which agree well 307 

with that from the commercial software. 308 

 309 

 310 

Fig. 2. Comparison of sound pressure level at the measurement point between 311 

analytical model and commercial software. 312 

 313 

3.2. Effects of secondary sources  314 

The secondary source can be one loudspeaker or a compound source constructed 315 

by 2 or 4 loudspeakers. As shown in Fig. 3, the locations of the loudspeakers labelled 316 
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from 1 to 4 are (0, 0.03, 0.15) m, (0, −0.03, 0.15) m, (0.03, 0, 0.15) m, and (−0.03, 0, 317 

0.15) m, respectively. For a feed-forward system used in practice, some space should 318 

be reserved for the reference microphones in front of the secondary sources and error 319 

microphones behind the secondary sources. Because the performance of the ANC 320 

system does not change significantly if the loudspeakers are at the plane z = 0.12 m or 321 

z = 0.18 m, the secondary sources are placed at the plane in the middle of the opening 322 

in this paper. All the loudspeakers in the compound control source are driven by the 323 

same signal so that a single channel controller is used. In the simulations of this 324 

subsection, the transmitted sound power from the opening to the transmitted side is used 325 

as the cost function. The parameter β constrains the power of secondary sources and 326 

reduces the noise reduction of ANC systems in the simulation, and it is chosen to limit 327 

the noise reduction of the system less than 50 dB, which is more consistent with that in 328 

practical scenarios.  329 

For the single source configuration (Configuration ANC 1C–1S–W), only 330 

Loudspeaker 1 is used; for the compound sources with 2 loudspeakers, Configuration 331 

ANC 1C–2S (A)–W uses Loudspeakers 1 and 3 on the adjacent sides while 332 

Configuration ANC 1C–2S (O)–W uses Loudspeakers 1 and 2 on the opposite sides; 333 

for the compound source with 4 loudspeakers (Configuration ANC 1C–4S–W), all the 334 

4 loudspeakers are used. In the abbreviations, 1C indicates a single channel controller 335 

was used, nS indicates n secondary sources were used, and W indicates the transmitted 336 

sound power is used as the cost function.  337 

 338 
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 339 

Fig. 3. The scheme of the opening with the secondary sources 340 

 341 

A primary source located at (0, 0, 1) m at the incidence side of the opening with a 342 

strength of 5 kg·s−2 is considered first. The transmitted sound power from the incidence 343 

side to the transmitted side without and with ANC is shown in Fig. 4. There is little 344 

noise reduction for Configurations ANC 1C–1S–W and ANC 1C–2S (A)–W when the 345 

frequency is above 2850 Hz, which is around the cut-off frequency for the plane wave 346 

propagation in the opening. The effective control frequency can be extended to higher 347 

frequency range with symmetrical configurations, i.e., Configurations ANC 1C–2S 348 

(O)–W and ANC 1C–4S–W.  349 

 350 
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 351 

Fig. 4. The transmitted sound power level through a 3066 cm3 opening with normal 352 

incidence 353 

 354 

To achieve good noise reduction in the opening, the sound pressure distribution of 355 

the secondary sound field needs to match that of the primary sound field. Fig. 5 shows 356 

the sound pressure level distribution of the primary sound field and 3 different 357 

secondary sound fields at 3000 Hz inside the opening on the cross section at z = 0.24 358 

m. The primary sound distribution at z = 0.24 m is uniform in Fig. 5(a), which indicates 359 

almost no high order modes are generated in the opening. The secondary sound 360 

distribution at z = 0.24 m generated by a secondary source placed at the midpoint of the 361 

side of the wall is shown in Fig. 6. It shows that the distribution of secondary sound 362 

field is not uniform, due to the generation of high order modes. Furthermore, the sound 363 

pressure on the secondary source's side and the sound pressure of the opposite side have 364 

similar amplitude and opposite phase, so the high order modes generated by a secondary 365 

source might be suppressed by using another symmetrically arranged secondary source. 366 
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The secondary sources in configurations ANC 1C–2S(O)–W and ANC 1C–4S–W are 367 

arranged symmetrically to make the amplitudes of high order modes generated by them 368 

be lower than that generated by the secondary sources in configurations ANC 1C–1S–369 

W and ANC 1C–2S(A)–W. The secondary sound field of configurations ANC 1C–2S 370 

(O)–W and ANC 1C–4S–W matches the primary sound field better so these 371 

configurations have better reduction than that of configurations ANC 1C–1S–W and 372 

ANC 1C–2S (A)–W. 373 

 374 

 375 

 (a) (b) 376 

 377 

 (c) (d) 378 

Fig. 5. The sound pressure level distribution on the cross section at z = 0.24 m (3000 379 
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Hz), (a) the primary sound field, (b) the secondary sound field of Configuration ANC 380 

1C–1S–W, (c) the secondary sound field of Configuration ANC 1C–2S (A)–W, (d) the 381 

secondary sound field of Configuration ANC 1C–2S (O)–W. 382 

 383 

   384 

(a)                                (b) 385 

Fig. 6. The secondary field distribution of ANC 1C–1S–W on the cross section at z = 386 

0.24 m (3000 Hz), (a) sound pressure level, (b) phase. 387 

 388 

The primary sound field in Fig. 5 is symmetrical because the primary source is 389 

located on the axis of the opening. This is the reason that Configurations ANC 1C–2S 390 

(O)–W and ANC 1C–4S–W provide better control than the other two. However, the 391 

noise might come from different directions in practical applications. Fig. 7 shows the 392 

noise reduction with different types of primary sound fields, which are generated by a 393 

primary source located at 1 m away from the opening with normal incidence or oblique 394 

incidence with incidence angles (30°, 30°), and 13 primary point sources distributed 395 

uniformly on a hemisphere of 4 m radius, having the same center at the incidence side.  396 

 397 
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 398 

(a)                                     (b) 399 

 400 

(c)                                     (d)  401 

Fig. 7. The NR of the single-channel ANC system for different primary sound fields, 402 

(a) Configuration ANC 1C–1S–W, (b) Configuration ANC 1C–2S (A)–W, (c) 403 

Configuration ANC 1C–2S (O)–W, (d) Configuration ANC 1C–4S–W. 404 

 405 

It is demonstrated that the symmetrical configurations achieve high noise 406 

reduction with normal incidence but low noise reduction with oblique incidence above 407 

the cut-off frequency. High order modes are generated with oblique incidence above 408 

the cut-off frequency and lead to an asymmetrical primary sound field, which cannot 409 

match the sound field produced by secondary sources of symmetrical configurations. 410 
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For the specific primary sound field generated by 13 primary sources, it has some 411 

symmetric components, so the noise reduction performance is between those with 412 

normal incidence and oblique incidence.  413 

Multichannel ANC system can be applied to improve the performance of the ANC 414 

system with an asymmetrical primary sound field. Fig. 8 shows the noise reduction of 415 

systems with 1 channel, 2 channels, and 4 channels for the primary sound field with 416 

oblique incidence with incidence angles (30°, 30°). Each channel in Configuration ANC 417 

2C–4S (A)–W controls a pair of loudspeakers on the adjacent sides while each channel 418 

in Configuration ANC 2C–4S (O)–W controls a pair of loudspeakers on the opposite 419 

sides. In the abbreviations, nC indicates using a n-channel controller. The NRs of the 420 

ANC systems with 1 channel or 2 channels are approximately 10-20 dB above the cut-421 

off frequency while the 4-channel system expands upper limit of control to 4000 Hz.  422 

The 4-channel system can theoretical control the (0, 1), (1, 0) and (1, 1) modes in 423 

the opening, which have the corresponding modal frequencies of 2833 Hz, 2833 Hz and 424 

4007 Hz. Because the secondary sources can only be located at the midpoints of four 425 

walls due to the size of the secondary sources, it is hard for them to generate the (1, 1) 426 

mode. For sound with frequency above 4007 Hz, the (1, 1) mode generated by the 427 

primary source exists in the opening; however, it cannot be controlled by the secondary 428 

sources. As a result, the 4-channel ANC system discussed here can control both the (0, 429 

1) and (1, 0) modes but fails to control the (1, 1) mode, so the upper limit of the control 430 

frequency can only be expanded to approximately 4000 Hz, which is close to the 431 

corresponding modal frequency of the (1, 1) mode.  432 
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In the case of the opening with 0.3 m in depth, high order modes have little 433 

influence on the noise reduction below 2700 Hz, but they cannot be completely 434 

attenuated when the opening is short, i.e., an opening with 0.1 m in depth, which 435 

decrease the noise reduction of configuration with one secondary sound source. With 436 

additional numerical simulations, it is shown that the opening depth does affect the 437 

performance of the control if number of the secondary sources is not enough. The modal 438 

analysis might not be held when the depth is very small (many modes are needed to 439 

make the calculation converge), but it can still provide reasonable results when the 440 

depth is larger than 0.1 m. 441 

 442 

Fig. 8. The transmitted sound power reductions of different channels with 4 443 

loudspeakers for the primary sound field with oblique incidence with incidence angles 444 

(30°, 30°). 445 

 446 

3.3. Effects of error sensors  447 

The sound power can be obtained by measuring the sound pressure at all locations 448 
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on an enclosing surface in the far field. In practice, the sum of the squared sound 449 

pressure of a limited number of error sensors is usually adopted to estimate the sound 450 

power [15]. Three cost functions, i.e., the squared sound pressure of 1 error sensor, the 451 

sum of the squared sound pressures of 4 error sensors and transmitted power are 452 

compared. With additional numerical simulations, it is shown that the position of error 453 

sensors on the same section has little influence on the noise reduction of this active 454 

control system. For easy installation in practice, the error sensors are located at the 455 

midpoint of four sides of the opening at z = 0.24 m, as shown in Fig. 9. In the case of 456 

using 1 error sensor, the error sensor is located at the same side of the activated 457 

loudspeaker. 458 

 459 

 460 

Fig. 9. The locations of the error sensors at z = 0.24 m. 461 

 462 

The transmitted sound power reductions of the system with 1 channel and 1 463 

secondary source under the oblique incidence of the primary source with incidence 464 

angles (30°, 30°) are shown in Fig. 10. In the abbreviations, nE indicates using n error 465 

sensors. The noise reduction of Configuration ANC 1C–1S–1E reduces to less than 20 466 
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dB above 2000 Hz because an ANC system with one error sensor cannot control 467 

evanescent modes in the opening. By increasing the number of error sensors from 1 to 468 

4, the performance of Configuration ANC 1C–1S–4E approaches to that of 469 

Configuration ANC 1C–1S–W. 470 

 471 

Fig. 10. The transmitted sound power reductions with different cost functions. 472 

 473 

4. Experiments 474 

The experiments were conducted in the anechoic chamber of Nanjing University. 475 

As shown in Fig. 11, an anechoic box is made of iron plates of 2 mm thickness, and is 476 

120 cm in length, 110 cm in width and 110 cm in depth with an opening sealed by a 477 

layer of MDF (medium density fiberboard). One end of a rectangular opening is at the 478 

center of the MDF, while the other end of the opening is baffled by two MDF boards 479 

measuring 110 cm in length, 100 cm in width and 3.6 cm in depth. The length, width 480 

and depth of the opening are 6 cm, 6 cm and 31.8 cm, respectively. Since the four walls 481 

of the anechoic box are filled with glass wool of 10 cm thickness and the bottom is 482 
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fixed with 50 cm sound-absorption wedge with the length of 40 cm, the inside of the 483 

anechoic box is considered as a semi-infinite space adjoined to the transmitted side of 484 

the opening. The thickness of the MDF boards is 1.8 cm and the surface density is 485 

approximately 30 kg·m−2. The anechoic chamber is used as the incidence side and the 486 

primary source is located at (0.25, 0, −0.482) m, which is driven by a B&K Pulse 3160 487 

LAN-Xi to generate tonal signals. 488 

      489 

(a)                                       (b) 490 

Fig. 11. Experimental setup, (a) schematic of the opening and the anechoic box, (b) 491 

panoramic view of the anechoic chamber, the opening and the anechoic box. 492 

 493 

Three ANC systems, i.e., a single-channel ANC system with 1 error sensor 494 

(Configuration ANC 1C–1S–1E), a single-channel system with 4 error sensors 495 

(Configuration ANC 1C–1S–4E) and a 4-channel system with 4 error sensors 496 

(Configuration ANC 4C–4S–4E) are implemented at the opening. Four secondary 497 

sources are located inside the opening at (0.03, 0, 0.168) m, (−0.03, 0, 0.168) m, (0, 498 

0.03, 0.168) m, and (0, −0.03, 0.168) m and the secondary source at (0.03, 0, 0.168) m 499 
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is used in the Configurations ANC 1C–1S–1E and ANC 1C–1S–4E. Four error 500 

microphones are located at (0.03, 0, 0.258) m, (−0.03, 0, 0.258) m, (0, 0.03, 0.258) m, 501 

and (0, −0.03, 0.258) m and the error sensor at (0.03, 0, 0.258) m is used in the 502 

Configuration ANC 1C–1S–1E. The measurement microphone is placed in the 503 

anechoic box, at (0, 0.02, 0.688) m. A commercial ANC controller (TigerANC-II Lite, 504 

Antysound) embedded with the multichannel FxLMS algorithm is used in the 505 

experiments with a sampling frequency of 16 kHz. The electrical signal driving the 506 

primary source is also fed to the controller as the reference signal. The measurement 507 

frequencies are from 200 Hz to 4000 Hz with steps of 50 Hz. 508 

Comparisons between the sound pressure level of the simulation and the 509 

experiment at the error microphone located at (0.03, 0, 0.258) m and the measurement 510 

microphone are shown in Fig. 12. General trends of the measured sound pressure levels 511 

agree well with the simulation results. Factors such as the damping of the baffle, the 512 

transmitted sound through the baffle, the diffracted wave of the finite baffle, the 513 

reflected wave at low frequency and the directivity of the loudspeakers at high 514 

frequency may cause the difference between two curves. 515 

 516 

(a)                                     (b) 517 
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Fig. 12. The comparison between analytical and experimental sound pressure level, 518 

(a) the error microphone, (b) the measurement microphone. 519 

 520 

Fig. 13 shows the sound power level with and without active control at the 521 

measurement microphone for tonal signals from 200 to 4000 Hz with steps of 50 Hz. 522 

The solid red line with circular markers denotes the sound pressure level of 523 

measurement microphone in the free-field respect to the frequency, and the solid blue 524 

line with cross markers denotes measurements without the ANC system. The difference 525 

of these two lines shows the passive sound insulation ability of the opening at the 526 

measurement point. The solid black line with triangle markers shows that Configuration 527 

ANC 1C–1S–1E achieves more than 10 dB NR at most frequencies below 1200 Hz. 528 

The solid green line with square markers shows that Configuration ANC 1C–1S–4E 529 

achieves more than 10 dB NR at most frequencies below 2750 Hz. Configurations ANC 530 

1C–1S–1E and ANC 1C–1S–4E are measured up to 2800 Hz, corresponding to their 531 

upper limit of control range. The performance of the system with 4 error sensors is 532 

better than that of the system with 1 error sensor above 2000 Hz, which is in line with 533 

the simulation results. 534 
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 535 

Fig. 13. The performances of different ANC systems at the measurement microphone 536 

(Configurations ANC 1C–1S–1E and ANC 1C–1S–4E are measured up to 2800 Hz). 537 

 538 

The solid yellow line with pentagram markers shows that Configuration ANC 4C–539 

4S–4E achieves more than 10 dB NR at most frequencies below 3900 Hz. The cut-off 540 

frequency of the anti-aliasing filter embedded in the controller is 3900 Hz and restricts 541 

the performance of Configuration ANC 4C–4S–4E beyond 4000 Hz. Comparison 542 

between the solid black line with triangle markers, the solid green line with square 543 

markers and the solid yellow line with pentagram markers indicates that the measured 544 

upper frequency limits of control for the single-channel system and the 4-channel 545 

system are 2750 Hz and 3900 Hz respectively, which is in line with the simulation 546 

results. The solid purple line with diamond markers denotes the sound pressure level at 547 

the measurement point with the opening blocked by 4 cm thick wood so it represents 548 

the sound insulation ability of the MDF baffles. Comparison between the solid black 549 

line with triangle markers, the solid green line with square markers, the solid yellow 550 
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line with pentagram markers and the solid purple line with diamond markers indicates 551 

that the maximal NR of the ANC system embedded in the opening is limited by the 552 

passive sound insulation ability of the MDF baffles below 1950 Hz except frequencies 553 

near 1100 Hz. 554 

 555 

5. Conclusions 556 

This paper investigates the active control of sound transmission through an opening 557 

of 6 cm by 6 cm. An analytical model developed with the modal expansion method is 558 

first verified with a commercial numerical software product, and then the effects of 559 

different secondary source and the error sensor strategies are compared numerically for 560 

different types of primary sound fields. The numerical results demonstrate that 561 

implementing active control in small openings can increase the upper frequency limit 562 

of control to 4000 Hz. By analyzing the sound field in the opening, it is found that the 563 

upper frequency limit of control depends on the eigen frequency of the acoustic modes 564 

of the opening as well as the secondary source and error sensing strategies. The 565 

experiments were designed to demonstrate the practical feasibility of the active control 566 

system in a small opening. 567 

For many practical noise control scenarios which have both noise reduction and 568 

ventilation requirements, a number of such openings can be made in the enclosure walls 569 

to provide effective broadband noise control. Further work includes implementation of 570 

time domain algorithms with real reference sensors and studying the effects of thin 571 

walls and interaction of multiple openings. 572 
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