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Abstract

Virtual sound barrier (VSB) is an array of loudspeakers and microphones forming an acoustic barrier, which creates a

quiet zone without blocking air and light. A 16-channel cylindrical VSB system has been developed and its feasibility is

verified by both numerical simulations and experiments. Experimental results in a normal room show that it can create a

quiet zone larger than the size of a human head in the low-middle frequency, with a total sound pressure level reduction of

more than 10 dB in the quiet zone. The control performance of the system with respect to the frequency, the distribution of

the error sensors and the control sources are discussed.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Local control and global control are two strategies of active control of sound [1]. Global control is most
effective in an enclosure with a few acoustical modes, which corresponds to low frequency or a very small
enclosure [2]. In an enclosure with high modal density or in free sound field, global control can be achieved
only when the distance between the primary source and the control sources is less than a half wavelength [3,4].
In some cases, it is hard to put the control sources near the primary source. Thus, the local control strategy of
which the objective is to create quiet zones in a desired area instead of the global control should be applied.

To create a quiet zone, a control source is used to cancel the pressure at a closely spaced error sensor. In a
diffuse sound field, the shape of the quiet zone (the 10 dB reduction area) is a sphere centered on the error
sensor with a diameter not greater than one-tenth of a wavelength [5,6]. A typical application is the active
headrest that uses two loudspeakers to reduce the sound pressure around the ear positions (two separate
points) of a listener. Nevertheless, in a free sound field, an array of control sources and error sensors forming
an active noise barrier (ANB) is usually used to block the noise in a certain direction, producing a quiet zone
behind the barrier. Early work combined the active control techniques with the passive barrier, where control
sources were used to control the diffraction sound along the edge of the passive barrier [7,8], and recent work
shows that the ANB system (without passive barrier) can be used independently to control low-frequency
noise propagation [9–11].
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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ANB system is only able to control the noise coming from a certain direction, so it is usually used as a traffic
barrier along roads. The active headrest can work in general condition but the size of the quiet zone created is
so small that the movement of the human head is limited. The virtual sound barrier (VSB) system reported in
this communication is an array of loudspeakers and microphones spaced in three-dimensional close structure
to create a quiet zone within the space surrounded by the error sensors. The system can work in the
environment in which the noise comes from many different directions, for example in a diffuse sound field.
Compared to the active headrest, it uses multiple channels to enlarge the active range of the human head.

A numerical model of the VSB system was proposed and its feasibility was verified by the simulation results
[12]. An experiment VSB system has been developed and is reported in this communication. Experiment
results in a normal room show that it can create a quiet zone larger than the size of a human head in the low-
middle frequency range, with a total sound pressure level reduction of more than 10 dB in the quiet zone.
Finally, the effective frequency range, the variation of performance with respect to the distribution of the error
sensors and the control sources are investigated as well.

2. Theoretical basis

The sound fields are assumed to be harmonic and an optimal control is derived through numerical
computations in frequency domains. The primary noise field at point r is assumed to consist of a number of
plane waves with random phases from many different directions as

ppðrÞ ¼
1ffiffiffiffiffiffi
Np

p XNp

i¼1

PpiðrÞ ¼
1ffiffiffiffiffiffi
Np

p XNp

i¼1

PAie
�jkðj0iþni�rÞ, (1)

where k ¼ 2pf =c0 is the wavenumber, c0 the speed of sound in the air and f the frequency. The ith plane wave
with amplitude PAi comes from a random direction ni with a randomly related phase j0i. The amplitude PAi

and the phase j0i are taken from a uniform distribution of (0, 1) and (�p, p), respectively. ni is a random unit
vector. When Np is sufficiently large (100 is used in the simulation), the primary sound field given above can be
used to simulate a diffuse sound field [1]. The primary field calculated using the method outlined above is only
one sample of an infinite ensemble of the possible diffuse pressure fields. The estimate of the mean square
pressure, which characterises such an ensemble of diffuse sound fields, is calculated from 20 samples of diffuse
sound fields, each calculated from Eq. (1).

Control sources can be treated as monopoles in low frequency. Only the direct sound of the control sources
is taken into account for simplicity. The control sound field generated by Nc control sources can be expressed
as

pcðrÞ ¼
XNc

m¼1

jor0qm

4p r� rc
m

�� �� e�jk r�rc
mj j ¼

XNc

m¼1

ZmðrÞqm ¼ ZcðrÞqc, (2)

where r0 is the air density. ZcðrÞ ¼ ½Z1ðrÞ;Z2ðrÞ � � � ZNcðrÞ� is the row vector of acoustic transfer impedances
from the control sources to the observation position. qc ¼ ½q1; q2 � � � qNc�

T is the vector of source strengths of
control sources. The total sound field is given by

ptðrÞ ¼ ppðrÞ þ pcðrÞ ¼ ppðrÞ þ ZcðrÞqc. (3)

The sum of the squared sound pressures at error sensor positions is selected as the cost function:

Jp ¼
XNe

n¼1

ptðr
e
nÞ

�� ��2 þ bqH
c qc, (4)

where Ne is the number of error sensors located at {re
n, n ¼ 1,2,yNe}. b is a positive real number, which is used

to determine the weighting for the control effort term. The effect of the control effort term is to maintain the
stable and consistence performance of the system under various conditions. The optimal strengths of the
control sources is adjusted to

qc ¼ �ðZ
H
ceZce þ bIÞ�1ZH

ceppe, (5)
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where Zce ¼ ½Zcðr
e
1Þ;Zcðr

e
2Þ � � �Zcðr

e
NÞ�

T is the Ne �Nc matrix of transfer impedances from control sources to

the error sensors, and ppe ¼ ½ppðr
e
1Þ; ppðr

e
2Þ � � � ppðr

e
NÞ�

T is the vector of sound pressures at the error sensor

positions due to the primary noise field. A rule of thumb is to set b between 1/1000 and 1/5000 of the largest

eigenvalue of the matrix ZH
ceZce. For such values of b the solution tends to be well-behaved, judged by

subjective standards [13]. After obtaining the optimal control source strength, it is substituted back to Eq. (3)
to calculate the total sound pressure amplitude after control.

The performance of the VSB system is defined as the ratio of the sum of the squared sound pressure inside
the volume surrounded by error sensors without and with control as

NR ¼ 10 log 10
XNv

i¼1

ppðriÞ
�� ��2=XNv

i¼1

ptðriÞ
�� ��2" #

, (6)

where Nv is the number of evaluation points, which is chosen to ensure at least six evaluation points per
wavelength.
3. Simulations and experiments

3.1. System configuration

Fig. 1 shows the setup of the VSB system of 16 channels that is investigated. The 16 error sensors are spaced
on two horizontal planes separated by he, and the eight error sensors in each plane are evenly spaced on a
circle of radius ae ¼ he. The control sources are located similarly surrounding the error sensors with the two
horizontal planes separated by hc and the circle of radius ac ¼ hc.

Experiments were carried out in a normal room of about 4� 5� 4m3. The shape of the room is not regular,
and there are three narrow corridors connected to other rooms. Furthermore, there are aluminous doors and
thick iron doors distributed around the walls, which make the reflection quite complicated. The primary noise
sources were three loudspeakers located in three different directions and at the height of 1.2, 3.0 and 0.5m,
respectively. Their inputs were from a same amplified pure-tone signal. With the reflections of all the surfaces
of the room, the sound field in the room is closed to the supposed primary sound field mentioned above. The
VSB system was placed in the center of the room with the central horizon plane 0.8m above the floor. A total
of 16 speakers and 16 microphones were used as control sources and error sensors, respectively. A 16-channel
ANC controller using the filter-x LMS algorithm was applied. The pure-tone signal generated by the signal
generator was also fed into the controller as the reference signal. The distance between each primary source
and the center of the system was about 4m. Additional measuring microphones were used to measure the
sound pressure in the target region and the intervals of measurement grid were less than 1/6 wavelength of the
noise signal.
Fig. 1. Setup of the VSB system of 16 channels.
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Fig. 2 shows the location of the experimental setup in the room. It is a schematic platform so that the
control sources, the error sensors and the measurement sensors are superposed in vertical directions. Fig. 3 is a
photo of the experimental setup.

3.2. The control performance of the VSB system

While many factors affect the performance of the VSB system, only the frequency, the arrangement of the
control sources and the errors sensors are investigated below. The performance with respect to the frequency is
primary source

control source

error sensor

measurement sensor

wall of the room

1

2

3

door of the room

Normal Room

Fig. 2. Experimental setup.

Fig. 3. Photo of the experimental setup.
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investigated firstly, when the arrangement of the control sources and the error sensors is fixed. For the easy
movement of the listener’s head, ae is set to no less than 0.2m. Eleven typical sinusoidal noise signals are
controlled by the system in the experiment with ac ¼ 1.22m, ae ¼ 0.2m, and the frequencies are between 200
and 700Hz with 50Hz interval. The control performance is shown in Fig. 4, in which it can be seen that the
noise reduction level within the quiet zone decreases with the increase of the noise frequency in both the
experimental and simulation results. The noise reduction of 200 and 250Hz are less than expected in the
experimental curve because the practical controller can only obtain about 30 dB in practice.

The feasibility of the VSB system to acquire a quiet zone larger than a human head is verified in Fig. 4. As
long as the noise frequency is below 550Hz, an effective quiet zone can be achieved. The diameter of the
volume surrounded by the error sensors is 0.66l (about 0.4m for 550Hz). Compared with the quiet zone size
of the active headrest system, the enlargement of the quiet zone is at the cost of the multi-channel of the VSB
system.

The control performance of the VSB system is affected by the distribution of the error sensors and the
control sources as well. The control performance with respect to ae in 250Hz is shown in Fig. 5, with
ac ¼ 0.9l ¼ 1.22m. The parameter ae is equal to i� 0.07l (i ¼ 1,y, 5) in the experiment. Both the simulation
and the experiment demonstrate that the control performance deteriorates as ae is increased. ae must be less
than 0.34l (about 0.44m for 250Hz) to obtain an effective quiet zone. The theoretical background of VSB can
be traced back to Huygens’ principle and the Kirchhoff–Helmholtz integral equation [12], the sound field
within the volume surrounded by the error sensors is determined by the sound field of the cylindrical surface
surrounding the volume. When ae is increased, i.e. the interval of the error sensors becomes larger, the
distribution of the sound pressure on the surface will not be reduced uniformly and the reduction of the sound
pressure in the volume will be decreased. The reason that the sound pressure reduction in the experiment is
much less than that in the simulation result when ae is equal to 0.07l in Fig. 5 is also due to the restriction of
the practical controller.

The control performance with respect to ac�ae in 250Hz is shown in Fig. 6, with ae ¼ 0.28l ¼ 0.38m. The
radius of the control sources are ac ¼ {0.48 0.55 0.63 0.73 0.9}l in the experiment. Fig. 6 indicates that when ac

is close to ae, the control performance improves rapidly with an increase in ac. When ac�ae exceeds some
certain value (ac�aeo0.3l in the experiment and ac�aeo0.2l in the simulation), the control performance
fluctuates slightly. As shown in Fig. 1, the error sensor array and the control source array have the same
geometrical configuration. When ac is very close to ae, the distance between an error sensor and the
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corresponding control source is much less than that between this error sensor and any other control source.
This results in Zmðr

e
mÞ being much larger than Zmðr

e
nÞ, man. Because the optimal strength qm is dominated by

the inverse of Zmðr
e
mÞ, only a very small value of qm is required to control the corresponding error sensor at

point re
m. But with a very small value, qm can only control a very small zone, so the sound pressure on the

entire cylindrical surface will not be reduced uniformly and the control effect in the volume is weak. The
optimal strengths increase with the increasing ac�ae, and this enlarges the ‘covering zone’ of the control
sources. When ac�ae exceeds a certain value, the control sources can affect the entire cylindrical surface and
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the volume can be controlled effectively. After that, although the optimal strengths still become larger with an
increase in ac�ae, the control performance fluctuates slightly. As a result, it is unnecessary to enlarge the size
of the system any further.

There are differences between the experimental and simulation results shown in Figs. 4–6, which might be
caused by the difference between the experimental configurations and the numerical model. For example, the
numerical model of the primary sound field consists of many samples of diffuse sound fields calculated from
Eq. (1), but the primary sound field in the experiment is just only one sample of the diffuse sound fields.
Furthermore, only the direct sound of the control sources is taken into account in numerical simulations.
Finally, attention should be paid to the fact that the distances from the primary sources and the control
sources were larger than a half-wavelength of the noise signal in all experiments, so that the control
mechanism of VSB is not the global control for minimizing the total power output of primary and control
sources [3,4].

4. Conclusions

A 16-channel cylindrical VSB has been developed and its feasibility has been verified by both numerical
simulations and experiments. In a normal room where the noise comes from many different directions, the
upper limiting frequency can be up to 550Hz, with the average reduction of more than 10 dB inside a
cylindrical region with 0.2m height and 0.2m radius. The control performance of the system decreases with
the increase of the noise frequency. Furthermore, the control performance of the system is affected by the
distribution of the error sensors and the control sources. The intervals between the error sensors have an upper
limitation and the distances between the control sources and the error sensors have a lower limitation. A
number of practical problems need to be further studied in the future, such as the influence of a diffraction
object like a human head, the broadband control and a more accurate model in time domain.
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