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Previous studies on local active noise control usually focused on the cases where the control
sound field could be viewed as a fully free field. This paper carried out a study on local active
noise control within a small semi-enclosed space where both the direct sound and the reflected
sound of the control source exist. A numerical model is established to calculate the control
sound field created in such a space using the boundary element method, and a theoretical model
is developed to predict the spatial extents of the quiet zones. Results showed that the control
sound field created in a small semi-enclosed space is more like a partially diffuse sound field
than a fully free or fully diffuse sound field, and the diffuse sound of the control source may
help for local ANC to create quiet zones with more profitable spatial extension. A simple exper-
iment is carried out and verifies the results.
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1. Introduction

Active noise control (ANC) has been studied extensively in the past three decades [1]. It can be
achieved either globally, with an overall noise reduction in the sound field, or locally, with quiet
zones created at desired locations. In many cases, local ANC is more feasible due to the complexity
of the sound field at high frequencies [2]. It was demonstrated that a spherical quiet zone of 1/10
wavelength spatial dimension and with 10 dB noise reduction could be achieved at the desired loca-
tion in a pure tone diffuse sound field [3].

A typical application of local ANC is to attenuate the noise near the ears of a passenger seated in
a chair, using an active headrest system. The idea was first proposed in the 1950s [4], and then
came into application in the 1990s [5-7]. A laboratory local ANC system with virtual microphone
techniques to control broadband noise was constructed by Rafaely et al. [8-9]. The system, imple-
mented with single-channel feedback controllers, could produce 9.5 dB overall noise reductions at
both ears when the head was kept still at the central position of the seat. Later, local ANC systems
with adaptive multi-channel controllers were set up and studied [10-14]. Most of these studies con-
sidered applications located in a large enclosure, where the primary sound field could be assumed to
be a perfect diffuse field and the control sound fields could be viewed as free fields with decaying
characteristics. Local ANC systems set up in other environments, especially in semi-enclosed spac-
es, which are now common in many practical applications, however, are less studied.

In this paper, the performance of a local ANC system in a semi-enclosed environment is studied.
A numerical model is established to calculate the sound field created in a semi-enclosed space by
using the boundary element method (BEM). The BEM is an effective numerical technique for
Helmholtz acoustic simulations [15]. A theoretical model is also developed to predict the spatial
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extents of the quiet zones. It is assumed that in the semi-enclosed space, the primary sound field
could be treated as a perfect diffuse field and the control sound field, containing both the direct
sound and plenty of reflection sound, is partially diffused. The 10 dB quiet zones created in differ-
ent sound fields are numerically calculated according to the theoretical model, and a simple experi-
ment is carried out to compare the performance of local ANC in a small semi-enclosed booth with
that in a large enclosure.

The paper is organized as follows. In Section 2, a numerical model is established to calculate the
sound field created in semi-enclosed booth by using BEM. In Section 3, a theoretical model is de-
veloped to predict the extents of the quiet zones created in a partially diffuse control sound field,
and the contours of the 10 dB quiet zones are numerically calculated and compared. Section 4 in-
troduces a simple experiment of local ANC in a small semi-closed booth, and compares it with a
conventional counterpart. Finally, conclusions are drawn in the last section.

2. Numerical Calculation of Control Field in a Semi-enclosed Space

In local ANC applications, the control sources are usually placed near the head of the passenger
to cancel the noise at the ears. Figure 1 presents the geometry of a numerical model for local ANC
in a semi-enclosed booth. In the model, the booth is set to bee 800mm wide, 400mm deep and 1000
mm high, with the front side open large. A sphere with the diameter of 150mm is placed at the cen-
tral position of the booth to represent the head of a passenger. A monopole sound source is placed at
one of the wainscots of the booth, denoting the control source.

Figure 1. Geometry of a local ANC system in a semi-enclosed booth.

The BEM is used to calculate the sound field created in the booth. By considering a boundary (I')
of a domain (Q), the problem is solved in terms of the pressure p(X) and the particle velocity g(Xx).
The boundary integral equation for Helmholtz problem can be written as

CO)p! (%) + [ ¢ (%, ) p()dT(X) = [ p* (¢, X)g()dT(X) + [ p* (x, x° )Cizb(xs )dQ(x*) (1

where p*(x‘ ,X) and q*(x‘ ,X) are the pressure and particle velocity fundamental solutions, respective-
ly, and C(X" ) depends on the location of the point X', and the last term refers to the presence of the
sources within the domain Q with the strength 5(x%) /c* and c is the sound velocity.

Numerical calculation results are shown in Figure 2. It is shown that the sound field created in
the booth lagged with perfect sound absorption materials, which makes it similar with that located
directly in a large open room, is more like a free sound field with decaying characteristics. The
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sound field created in the booth lagged with normal sound absorption materials (in this paper, the
absorption coefficients of the materials are set to be 0.01), however, is more like a partially diffuse
field where both the direct sound and the diffuse sound both exist rather than a fully diffuse or a
fully free sound field.

(d) (e) (H

Figure 2. Sound fields created in a semi-enclosed booth lagged with different absorption materi-
als. (a)/(b)/(c) for sound field in a booth lagged with perfect absorption materials with the excitation
frequency of 300 Hz /450 Hz /600Hz; (d)/(e)/(f) for sound field in a booth lagged with normal ab-
sorption materials with the excitation frequency of 300 Hz /450 Hz /600Hz.

3. A Theoretical Model to Predict the Quiet Zones

From Section 2 we can see that the interior sound field created in a semi-enclosed space is more
like a partially diffuse field, where both the direct sound and the diffuse sound exist.

Assuming that ANC is carried out in a semi-enclosed space with a partially diffuse control sound
field and the primary sound field is perfectly diffuse, as shown in Figure 3. Consequently, the total
sound pressure p(r.¢) at r, a calculation point near the cancellation point Iy, can be expressed as

p(r.0=p,(r,0)+ p(r,0) 2)
where p,(r,?) is the pressure due to the primary source, and py(r,?) is the pressure due to the control
source. py(r,t) can be divided into two parts:

ps(rat)zpsl(rat)+ps2(r:t) (3)
where p;(r,t) is the direct sound from the control source, and py(r,?) is the diffuse sound. The two
parts are assumed to be uncorrelated with each other.
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If the noise p(ry,?) at the cancellation point r, =(7,0,¢4) can be completely cancelled, so that

p(r07t):pp(rOJt)+psl(r09t)+pxz(r0’z) (4)
-0 ’
Secondary Cancelation
source point
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f f ;" .fi.‘ x{ xf‘ x;'
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Figure 3. ANC in a semi-enclosed space with a partially diffuse control sound field.

then, the space-average mean square of the primary pressure p p,(Iro,f) is given by
2o (1) = (R0t ) + 2oz (Fout) )
= <|pp (rl’t)|2>

where (-) denotes space averaging over different positions [16]. The space-averaged mean square
pressure of p(r,t) at r can be written as
Ap.ol"y = p, (.00 +par.0f )+ P (r,0)

+2(p, (1,0 pa(r,0) + 2 p, (r,1) po (1, 1)) (0)

+2(pa(r,0) p(1,1))
where * denotes the complex conjugate. Take ANC in a pure tone sound field for example, the di-
rect sound py(I,f) can be expressed as

Pa(r,0) = f(6,1) py (K, t)e /™ @)
where w is the angular frequency of the disturbance source; f{(ro, I) is the spatial correlation coeffi-
cient between the sound pressure at ry and r in a free field; Az denotes the time lag given by

At=Ar/c, Ar = HI’|—|I’0
pressed as [3]

©)

; and c is the sound speed. The diffuse sound py(r,f) in Eq. (6) can be ex-

P (r,1) = p(Ar) pyy (N, 1) + P (T,1) )
where py,(r,f) is the component uncorrelated with pg(ro,f), and p(Ar) is the correlation coefficient
between the sound pressure at Iy and r in a diffuse field, and

P(Ar) =sinc(kAr)

- )
=sin(kAr) / (kAr)
where Ar = |r —r,|, k is the wavenumber [17]. Similarly, p,(r,f) can be written as
Pp(r.0) = p(AN) p, (Fo,0) + Py (1, 1) (10)
where p,,.(r1,t) is perfectly uncorrelated with p,(ro,f). Substituting Eqs. (7) and (8) into (6) yields
A0y = (£2 (10, 1) =21 (., 1) p(AT, ADX| Pyt (1, 0] ) an
(| p,(r,0]) + A =2p(AN) poa (1,0 )
where p(Ar, At) is given by [8]
— — jAt
P(Ar,At) = p(Ar)e (12)

= sinc(kAr)e /¥
In a control sound field produced by a monopole source, f(ro, I'1)=r./rs, where r. is the distance
between the cancellation point Iy and the location of the control source, and r; is the distance be-
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tween the calculation point r and the location of the control source. Substituting Egs. (5) and (10)
into (11), the noise reduction (NVR) is given by

NR(0)={|p(r.)[) 1 {p, (r.0)[)

(1-2p(ArAD) [ 1y 12 [ 17) A+ (2= 2p(AD)) (13)
1+ 4
where 4={p, (ro,t)2> / <| Ds> (ro,t)2> is the direct-to-diffuse energy ratio (DDR) of the control sound
field at ry.

Eq. (13) calculates the noise attenuation and predicts the quiet zones produced in a control field
where both the direct sound and the diffuse sound exist. It has also included the formulations devel-
oped in reference [8]. For a large DDR indicating that only a little diffuse sound exists in the control
field, Eq. (13) degenerates to

NR=1-2p(Ar,At)r. [ 1y + 12 | 1} (14)
Eq. (14) is the same as the noise attenuation formulation developed for the near filed of the control
source where the direct sound dominates. For a small DDR, Eq. (12) degenerates to
NR =2-2p*(Ar) (15)
Eq. (15) is similar to the noise attenuation formulation developed for the far-field of the control
source where the diffuse sound dominates.
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Figure 4. Quiet zones produced in control sound fields with different DDRs at the cancellation point.
(a) Locations of the control source and the cancellation point (#y=0.5 m); (b)/(c)/(d) Quiet zones
produced in the control sound field with a high/middle/low DDR at the cancellation point. (Red

lines for near-field quiet zones; black lines with circles for partially diffuse field quiet zones; green
lines for far-field quiet zones.)

As for a monopole sound source with broadband spectrum nature, the noise reduction (NR) ex-
pression in Eq. (12) could be extended to be
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NR = [ p(r.0)ydeo ! [ p, (r0) Yo
T (1-2p(Ar AL @) 11y + 72 117 ) +(2- 207 (AF, 0)) A(0)) S (@) do (16)

_ o

1)

[(1+ 4(@))S(0)dw

where S(w) denotes the power spectral density of the signal, and the parameters p and A4 are fre-
quency dependent for the signal with broadband spectrum nature.

Figure 4 presents the contours of the 10 dB quiet zones created in control sound fields with dif-
ferent DDRs at the cancellation point. The primary sound field is a perfect pure tone diffuse sound
field with the excitation frequency of 300 Hz, and the control sound field is created by a monopole
sound source located 0.5 meters away from the cancellation point, as shown in Figure 4(a). The
near-field contours and the far-field contours are created according to the formulations developed
by Rafaely [8], while the partially diffuse field contours are created according to Eq. (13). Figure
4(b) shows that at the cancellation point in the control sound field with a large DDR of about 24.0,
the quiet zone nearly coincides with that in the near-field of the control source. Figure 4(c) shows
that in the partially diffuse field with a medium DDR of 1.0, the quiet zone is larger than the near-
field quiet zone, but smaller than the far-field quiet zone. Figure 4(d) shows that in the partially
diffuse field with a small DDR of 0.04, the quite zone nearly coincides with that created in the far-
field. The results suggest that the diffuse sound of the control source might help to create quiet
zones with more profitable spatial extensions.

4. A Simple Experiment

A simple local ANC experiment is carried out in a large room to compare the performance of lo-
cal ANC in a semi-enclosed booth with that directly in the large room.

In the experiments, the error sensor is placed 30 centimetres laterally away from the control
source. The sound field is excited with a pure tone noise with the frequency of 300 Hz.
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Figure 5. Noise reduction achieved in different control sound fields. (a) Noise reduction achieved
in a semi-enclosed booth;(b) Noise reduction achieved in large room.

Noise reduction achieved at different locations near the error sensor position is presents in Figure
5. It is shown that the on axial line spatial extent of the quiet zone created in the booth is larger than
that directly created in the large room. The results may indicate that the reflection sound of the con-
trol source could help for local ANC to create more profitable quiet zones.
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5. Conclusions

In this paper, local ANC in a small semi-enclosed space is numerically studied. It is shown that
the sound field created in the semi-enclosed space is more like a partially diffused field. A theoreti-
cal model is developed to predict the noise attenuation achieved by local ANC in a control field
where both the direct sound and the diffuse sound of control sources exist, and a simple experiment
is also carried out. Results suggest that the diffuse sound of the control sources may help for local
ANC to create quiet zones with more profitable spatial extensions.
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