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ABSTRACT:
This paper investigates the performance of active noise control (ANC) systems with two reflecting surfaces that are

placed vertically on ground in parallel. It employs the modal expansion method and the boundary element method to

calculate the noise reduction of the systems with infinitely large and finite size reflecting surfaces, respectively. Both

experimental and simulation results show that the noise reduction of the system can be significantly increased after

optimizing the surface separation distance and their locations with the sound sources. It is found that the sound

radiation of the primary source can be completely reduced in principle if the surface interval is less than half the

wavelength and the source line is perpendicular to the surfaces for infinitely large reflecting surfaces. Even with

finite size ones, the noise reduction performance improvement is still significant compared with those without any

reflecting surfaces. For example, for an ANC system with a source distance of 0.074 m, experiments achieve an

improvement of 8.6 dB at 800 Hz where two 0.2 m� 0.2 m parallel reflecting surfaces are placed with a distance of

0.15 m around the system on ground. The mechanisms for the performance improvement are discussed.
VC 2020 Acoustical Society of America. https://doi.org/10.1121/10.0001227
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I. INTRODUCTION

The noise reduction performance of active noise control

(ANC) systems on ground is affected by reflecting surfaces

around the system due to the change of the sound source

radiation resistance caused by the surfaces.1 The effects of

reflecting surfaces on ANC systems have attracted much

attention, and several cases have been studied, which

include an infinitely large reflecting surface,2–5 a finite size

one,6 two vertically placed ones that are perpendicular to

each other (edge),7,8 and two vertically placed ones with an

arbitrary included angle (wedge).9

The sound power output of point monopoles in the

presence of one reflecting surface has been investigated

with the image source method.10,11 Based on this method,

the effects of one reflecting surface on both single channel

and multi-channel ANC systems were studied. For single

channel ANC systems, the noise reduction increases when

the primary and secondary sources are placed along a line

perpendicular to the reflecting surface.5 For multi-channel

ANC systems with the primary source on the reflecting sur-

face, the noise reduction can be maximally increased if the

secondary sources are placed as far apart from each other

and the ground as possible.4 The mechanism is that the

additional reflecting surfaces can change the radiation

properties of the sound sources to enhance the performance

of ANC systems. By using a finite size reflecting surface

vertical to the ground, the noise reduction can be further

increased.6

For ANC systems near two reflecting surfaces with the

right included angle, the noise reduction of the system has

been investigated. Numerical results show that higher reduc-

tion of the ANC system can be achieved compared with a

case with only one reflecting surface by optimizing the

directions and locations between the sources and surfaces.7

The case of two reflecting surfaces with an arbitrary

included angle has been investigated, and research found

that higher noise reduction can be obtained at the optimal

angle of about 120�.9 The experiment results show the noise

reduction can be further increased by 3.6 dB compared to a

case with only one reflecting surface.9

In some applications, two parallel reflecting surfaces

can be used around ANC systems. For example, parallel

reflecting surfaces can be introduced directly around a small

system. For large noise sources like electrical transformers,

a vertical radiation surface can be divided into several small

ones by placing a set of parallel barriers perpendicular to the

large surface so that the noise radiation of the large source

can be decoupled and controlled in each pair of barriers.8

Louvers are often used for noise control, where a set of

angled slats or flat strips parallel to each other are fixed or

hung at regular intervals in the opening to allow air or light

to pass through.12,13 For sound transmitted through the lou-

vers to outside, active control can be applied between the

parallel slats. The effects of two parallels of reflecting
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surfaces on the noise reduction performance of ANC sys-

tems is unknown at present.

The power output of point monopoles inside two paral-

lel reflecting surfaces has been analyzed by using the image

source method.14,15 To overcome the slow convergence

speed of the image source method, the layered media theory

of sound propagation has been developed by representing

the radiation of point monopoles inside a one-layer medium

bounded on two sides by plane parallel boundaries with the

summation of the normal modes.16 When the size of the

reflectors is finite, no analytical solutions are available, but

the sound field can be calculated using numerical methods

such as the boundary element method (BEM).17

This paper investigates the feasibility of increasing the

noise reduction performance of ANC systems by introduc-

ing two reflecting surfaces that are placed vertically on

ground in parallel. First, the noise reduction of the ANC sys-

tem inside two infinitely large reflecting surfaces is analyzed

with the normal mode theory inside a one-layer medium,

and then the effects of the included angle between the

source line and the normal line of the surfaces as well as the

surface interval are studied. The noise reduction of the sys-

tem for the finite size reflecting surfaces are investigated

with the BEM, and the mechanisms for the performance

improvement are discussed. Finally, the experimental results

serve to validate the analytical and simulation results.

II. THEORY

For a single channel ANC system on ground shown in

Fig. 1, the distance between the primary and secondary sour-

ces is d, and the separation distance between the two reflect-

ing surfaces placed vertically in parallel with dimensions of

w� h is D. The included angle between the source line and

the normal line of the surfaces (i.e., the line perpendicular to

the parallel surfaces) is denoted by h. The ground and both

sides of reflecting surfaces are assumed to be perfectly

reflective throughout the paper.

A cylindrical coordinate system (q, u, z) is established

with the origin, O, located at the projection of the primary

source on the nearer reflecting surface shown in Fig. 1. The

z axis direction is perpendicular to the surfaces and points to

the other reflecting surface. The ground plane is at y¼ 0, so

the location of the image source from the ground for a sound

source located at (q, u, z) is (q, �u, z). When the source is

on the ground plane (y¼ 0), the point monopole and its

image coincide. In this paper, both sources are assumed to

be on ground to simplify the problems in order to focus on

the effects of the two parallel reflecting surfaces on ANC

systems, so the locations of the primary and the secondary

sources are rp¼ (qp, 0, zp) and rs¼ (qs, 0, zs), respectively.

The infinitely large reflecting surfaces are considered

first because its sound field can be solved analytically.16 The

sound pressure at the point r¼ (q, u, z) generated by a point

monopole at r0¼ (q0, u0, z0) inside two infinitely large

reflecting surfaces that are placed vertically in parallel can

be calculated by (see Chap. 5 in Ref. 16)

p r; r0ð Þ ¼
qairxkqsrc

4p

X1
m¼0

X1
n¼0

p
kD

emen cos np
z

D

� �

� cos np
z0

D

� �
cos m u� u0ð Þ½ �

� Jm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � np=Dð Þ2

q
q<

� �

� Hm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � np=Dð Þ2

q
q>

� �
(1)

where j is the imaginary unit, qair is the air density, k is the

wavenumber, x is the angular frequency, qsrc is the source

strength, q<¼min(q, q0), q>¼max(q, q0), en is the

Neumann factor [i.e., en¼ 1 (n¼ 0) and en¼ 2 (n¼ 1, 2, 3,

…)], Jm(�) is the Bessel function of the first kind of order m,

and Hmð�Þ is the Hankel function of the first kind of order m.

When the two sources are on the ground shown in Fig. 1,

the sound pressure produced by each source is two times the

sound pressure computed by Eq. (1).

The sound radiation power of a single ANC channel

system consisting of one primary source and one secondary

source can be formulated as18,19

W ¼ Ajqsj2 þ q�s bþ b�qs þ c; (2)

where qs is the complex source strength of the secondary

source, * denotes complex conjugation, A¼Rs/2, Rs is the

self-radiation resistance of the secondary source, b¼ qpRps/

2, Rps is the mutual radiation resistance between the primary

source and the secondary source, c¼ jqpj2Rp/2, and qp and

Rp are the complex source strength and the self-radiation

resistance of the primary source, respectively. Equation (2)

is obtained based on the fundamental equations in homoge-

nous media (Sec. 9.11 of Ref. 19) where the free field condi-

tion is not needed, so it is valid for the sound source in any

acoustic environments.18

The resistances can be calculated with the pressure

obtained by using Eq. (1) as18,19
FIG. 1. (Color online) Schematic diagram of an ANC system with two

reflecting surfaces placed vertically on ground in parallel.
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Rp ¼ Re p rp; rpð Þ=qp

� �
; (3)

Rs ¼ Re p rs; rsð Þ=qs

� �
; (4)

Rps ¼ Re p rp; rsð Þ=qs

� �
; (5)

where Re[�] denotes the real part of the quantity inside the

square brackets.

After obtaining the optimal secondary source strength,18,19

qs;opt ¼ �
Rps

Rs

qp; (6)

the sound radiation power under optimal control is

Wopt ¼
1

2
jqpj2 Rp �

R2
ps

Rs

 !
: (7)

The noise reduction is defined as

NR � �10 lg
Wopt

W0

� �
; (8)

where the sound radiation power of the primary source on

ground W0¼ (qairxkjqpj2)/(4p) is used as the reference. This

defined noise reduction is 0 dB without active noise control

if there are no additional reflecting surfaces around the sys-

tem. For a constant volume primary source on ground, its

sound radiation power (without ANC) varies after introduc-

ing reflecting surfaces near it. For example, its sound radia-

tion power is increased by 3 dB when an infinitely large

reflecting surface is introduced near it at the low fre-

quency.10 Therefore, the noise reduction defined by Eq. (8)

can be nonzero (or even negative) without ANC when

reflecting surfaces are placed around it.

When the primary and secondary sources are located on

ground at a distance of d without any reflecting surfaces, the

noise reduction is known as19

NRgnd ¼ �10 lg 1� sin kdð Þ
kd

� �2
 !

: (9)

In the following paragraphs, infinitely large reflecting

surfaces are considered first. The optimal included angle

between the source line and the normal line of the surfaces is

investigated. Then the effects of the surface interval on the

noise reduction performance of ANC systems are discussed.

Finally, the finite size reflecting surfaces are considered.

The self-radiation resistances of the primary and sec-

ondary sources and the mutual radiation resistance between

them can be simplified after substituting Eq. (1) into Eqs.

(3)–(5) as (see the Appendix)

Rp ¼
qairxk

2p

XbkD=pc

n¼0

p
kD

en cos2 zp

D
np

� �
;

Rs ¼
qairxk

2p

XbkD=pc

n¼0

p
kD

en cos2 zs

D
np

� �
; (10)

and Rps ¼
qairxk

2p

XbkD=pc

n¼0

p
kD

en cos
zp

D
np

� �

� cos
zs

D
np

� �
J0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� np

kD

� �2
s

kd sin h

0
@

1
A;
(11)

respectively, where D	 d to ensure the two sources are

inside the two surfaces when h¼ 0 and b�c represents a

rounded down version of the quantity inside it. The upper

bound of the summation is bkD=pc because all the modes

such that n > kD/p (i.e., D < k/2 where k is the wavelength)

are evanescent waves, which do not contribute to the radia-

tion resistance (see the Appendix for the details).

The optimal secondary source strength and the maximal

noise reduction of the ANC system when D < k/2 can be

derived by substituting Eqs. (10) and (11) into Eqs. (6) and (7) as

qs;opt ¼ �qpJ0 kd sin hð Þ; (12)

and NR ¼ �10 lg
p

kD
1� J2

0 kd sin hð Þ
� �� �

; (13)

respectively. According to the values of the Bessel function

of order zero J0(�), Eq. (13) shows that the system noise

reduction increases as the included angle h decreases at low

frequencies and approaches infinitely large when h¼ 0�. In

such a case, the source line is perpendicular to the two

reflecting surfaces.

At the optimal case, when the source line is perpendicu-

lar to the two reflecting surfaces, the mutual radiation resis-

tance between them described by Eq. (11) can be further

simplified as

Rps ¼
qairxk

2p

XbkD=pc

n¼0

p
kD

en cos
zp

D
np

� �
cos

zs

D
np

� �
;

(14)

with the relation J0(0)¼ 1.20

The optimal secondary source strength and the maximal

noise reduction of the ANC system at h¼ 0 can be derived

similarly to Eqs. (12) and (13) as

qs;opt ¼ �qp; (15)

and NR!1; (16)

respectively.

The noise reduction in Eq. (16) approaches infinitely

large (i.e., the sound power output of the system with active

control is zero) when the surface interval D is less than 0.5k.

This is because only the zero-th mode in the direction of the

z-axis is available in the space. The cylindrical wave fronts

that originated from both the primary source and the second-

ary source are perpendicular to the two reflecting surfaces,

and they are completely suppressed with each other when

the source strengths of the primary and secondary sources
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are the same magnitude but in anti-phase. The sound power

output is complicated when the surface distance D is larger

than 0.5k due to the propagating of high order modes in the

space.

For the infinitely large surfaces, it has been shown that

the optimal configuration is that the source line is perpendic-

ular to the two parallel surfaces. Therefore, this configura-

tion is adopted for the case with finite size surfaces. For

finite size surfaces, it is hard to obtain an analytical solution,

and the sound field has to be solved using numerical meth-

ods. Although many kinds of software can be used to solve

this model, this paper adopts the BEM in commercial soft-

ware SYSNOISE, where both sides of reflecting surfaces are

set as rigid boundaries.17 After the sound pressure at the

positions of the primary and secondary sources is calculated,

the self-radiation resistances of the primary and secondary

sources and the mutual radiation resistance between them

can be obtained similarly according to Eqs. (3)–(5) for the

cases with finite size reflecting surfaces. The total sound

power under the optimal active noise control is then

obtained by Eq. (7).

III. SIMULATIONS

In this section, the source interval, d, is set to 0.1 m

throughout the simulations, and the frequency of interest

ranges from 315 Hz to 5 kHz at the commonly used one-

third octave center frequencies. The results with infinitely

large reflecting surfaces are simulated and analyzed first and

then are extended to the cases with finite size ones.

There are many different geometric configurations for

the primary and secondary sources shown in Fig. 1. From

Eqs. (12)–(14), it is clear that the noise reduction does not

change with the distance between the midpoint of the source

line and the reflecting surface for the major case kD < p.

Therefore, only the configuration where the midpoint of the

source line is on the middle line of the reflecting surfaces is

investigated in the simulations for simplicity. The included

angle h between the source line and the normal line of

reflecting surfaces ranges only from 0� to 90� thanks to the

symmetry of the configuration. The surface interval D is set

to 0.1 m, and the results are shown in Fig. 2. It is clear that

the noise reduction is significantly affected by the included

angle. At the frequencies below 1715 Hz, which is the corre-

sponding frequency when the surface interval equals the

half wavelength, the system with a smaller included angle

has higher noise reduction. For example, the noise reduction

at 500 Hz increases from 7.8 dB to 19.6 dB when the angle

decreases from 20� to 5�.
The noise reduction performance is sensitive to the

included angle. For example, the noise reduction is infinitely

large when h¼ 0 at 500 Hz but reduces to finite large

(19.6 dB) when h only increases by 5�, though it is still

much larger than the noise reduction when there is no verti-

cally placed reflecting surface (6.0 dB). It should be noted

that the noise reduction performance with the parallel

reflecting surfaces can be worse than that without the

surfaces (only ground) if the angle is large at low frequen-

cies. For example, the noise reduction without the surface is

6.0 dB at 500 Hz, but it decreases to 1.8 dB if the included

angle is 45�.
There is a critical angle at which the noise reduction

performance of the ANC system with the parallel reflecting

surfaces is worse than without any placed surfaces. Figure 2

shows that the critical angle is about 20� at low frequencies

because the curve of “h¼ 20�” intersects the one of “Only

ground.” This value of the critical angle can be obtained

analytically. Applying Taylor series expansion of the Bessel

function J0(�),20 the noise reduction of the system with the

surfaces described in Eq. (13) becomes

NR ¼� 10 lg
p

kD

1

2
ðkd sin hÞ2 � 2

32
ðkd sin hÞ4

��

þ o ðkd sin hÞ4
	 
i


; (17)

where o(�) means the order less than the variables inside it.

The noise reduction of the system without any reflecting sur-

faces described in Eq. (9) can then be expanded as21

NRgnd¼�10lg
1

3
kdð Þ2� 2

45
kdð Þ4þo kdð Þ4

	 
� �
: (18)

Let Eq. (17) equal Eq. (18) and omit the order higher than

(kd)2, so the critical included angle hc is

hc ¼ arcsin

ffiffiffiffiffiffiffiffiffi
2kD

3p

r
: (19)

Equation (19) shows that the critical angle does not

depend on the source interval d provided that the interval

is small compared with the wavelength. For example, at

f¼ 315 Hz and D¼ 0.1 m, the value obtained from Eq.

(19) is approximately 20.5�, which is consistent with that

shown in Fig. 2.

FIG. 2. (Color online) Noise reduction of the ANC system on ground with

two parallel reflecting surfaces and with different included angles h between

the source line and the normal line of the surfaces.
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Figure 2 also shows that the noise reduction can be neg-

ative at the frequency larger than 1715 Hz. The increase of

the sound radiation power of the system is caused by the

increase of the self-radiation resistance of the primary

source from the parallel reflecting surfaces. Focusing on the

optimal included angle h¼ 0, Fig. 3 shows the effects of the

surface interval D on the noise reduction of the ANC system

with the source distance d being 0.1 m. The corresponding

turning frequency, which is defined as the frequency where

the noise reduction drops from an infinitely large value

down to a finite one, is 1715, 858, and 429 Hz for the source

interval D being 0.1, 0.2, and 0.4 m, respectively.

These turning frequencies are equal to the values calcu-

lated by c0/(2D) where c0 is the sound speed in the air. As

shown in Fig. 3, the turning frequency decreases as the

surface interval increases, indicating that the effective fre-

quency range for noise reduction improvement becomes

lower with a larger surface interval. For example, when the

surface interval is 2 m, the noise reduction improvement

only happens below 85.8 Hz. After this turning frequency,

the noise reduction curve in Fig. 3 fluctuates around the one

without any surfaces. When the interval is much larger than

2 m, the curve will approach to that without any surfaces

because the surfaces are far away from the ANC systems

and the effects of them become negligible. Therefore, to

have effects at high frequencies, the two reflecting surfaces

placed vertically in parallel need to be close to each other.

To illustrate why the noise reduction is infinitely large

below the turning frequency, the secondary source strength

qs,opt and the self-radiation resistances of two sources and

their mutual-radiation resistance are shown in Fig. 4 for the

configuration with D¼ 0.1 m. When the frequency is less

than 1715 Hz, the secondary source strength is exactly oppo-

site to that of the primary source and the mutual radiation

resistance between sources Rps and the self-radiation resis-

tance of the secondary source Rs are exactly the same as

shown in Fig. 4. The radiation caused by the resistances at

the primary (or secondary) source is zero, indicating the

overall sound power of the total system is zero. This result

is consistent with the analytical analyses in Sec. II.

At the frequencies larger than 1715 Hz, the noise reduc-

tion with two reflecting surfaces is negative, indicating that

the sound power of the system increases. Figure 4(b) also

shows that the value of the self-radiation resistance of the

primary source Rp jumps discontinuity from R0 to 3 R0

at 1715 Hz due to the perfect reflection of the reflecting

surfaces,14 resulting in a 4.8 dB increase of the sound power

of the primary source. When the secondary source is intro-

duced, there is a 0.4 dB reduction, as calculated by using

Eqs. (10) and (11), so the noise reduction is �4.4 dB. The

secondary source in this case has little effect on the primary

source because the source interval is larger than the half

wavelength. At higher frequencies, the noise reduction of

the ANC system tends to �3.0 dB. This is because the

FIG. 3. (Color online) Noise reduction of an ANC system on ground with

two parallel reflecting surfaces and the source line perpendicular to the sur-

faces at different surface intervals D, where the source interval d¼ 0.1 m.

FIG. 4. (Color online) Two infinitely large parallel reflecting surfaces are introduced to a single channel ANC system on ground: (a) noise reduction (left y
axis) and the ratio of the source strengths qs,opt/qp, (right y axis) where qs,opt and qp is the source strength of the secondary and the primary source, respec-

tively; (b) the self-radiation resistances of the primary and secondary sources, Rp and Rs, and the mutual radiation resistance between the two sources Rps,

where R0¼ (qairxk)/(2p) is the self-radiation resistance of the primary source on ground without any vertically placed reflecting surfaces.
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reflecting surface close to the primary source doubles its

self-radiation resistance and the effect of the secondary

source becomes negligible when the distance between the

sources is larger than a wavelength.

In practical applications, the reflecting surfaces cannot

be infinitely large. To focus on the effects of the finite size

reflecting surfaces, the source line is set to be perpendicular

to the surfaces. The surface interval D is set to 0.1 m, so the

turning frequency is approximately 1715 Hz for the case of

infinitely large surfaces, as analyzed previously. The source

distance is set to 0.08 m, and the distance between the

source and its nearer reflecting surface is 0.01 m to avoid

computation errors. The ratio of the width w to the height h
of each surface is set to 1, and the sources are located on the

perpendicular bisector of the line intersected by the surfaces

and the ground plane.

The noise reduction of the ANC system with finite size

reflecting surfaces is shown in Fig. 5, where the noise reduc-

tion below 1715 Hz increases with the size of the reflecting

surfaces. For example, at 315 Hz, there is about 5–6 dB

increment in the noise reduction of the ANC system for

each 0.05 m increment in the side length of the square

reflecting surfaces. The increment is more significantly in

the middle frequency range, such as around 1 kHz, where

the noise reduction of the configuration with a size of 0.2 m

is 10.4 dB more than that of the one with a size of 0.15 m.

Therefore, the finite size reflecting surfaces can be used to

increase the noise reduction performance of the ANC sys-

tem on ground below the turning frequency, whose corre-

sponding half wavelength is equal to the surface interval.

At the frequencies below 315 Hz, further simulations

(not presented in this paper) show that the noise reduction of

the ANC system is still infinitely large for the infinitely

large reflecting surfaces but increases by about 6 dB as the

frequency is halved for the cases with and without finite size

ones. Although the radiation of each source with finite size

reflecting surfaces approaches to that without any reflecting

surfaces at low frequencies, the noise reduction with reflect-

ing surfaces is still larger than that without any reflecting

surfaces because the surface size is still comparable with

respect to the source distance and affects their mutual radia-

tion. Therefore, introducing reflecting surfaces is always

beneficial at low frequencies.

IV. EXPERIMENTS

The experiments with a single channel ANC system

were conducted in a full anechoic room in Nanjing

University with dimensions of 11.4 m� 7.8 m� 6.7 m. The

sketch and photographs of experimental setups are shown in

Figs. 6 and 7, respectively. The infinitely large ground was

approximated by a 6 m� 6 m wooden plate, and two

1.2 m� 1.2 m wooden plates were used to approximate the

two infinitely large reflecting surfaces placed vertically on

ground in parallel. Three sets of finite size surfaces,

0.1 m� 0.1 m, 0.15 m� 0.15 m, and 0.2 m� 0.2 m, were

tested at different frequencies. All of the wooden plates used

in the experiments have a thickness of 1.8 cm and a surface

density of 15.30 kg/m2. The ratio of the sound power

reflected from the wooden plate to the total sound power

radiated from the sound source is larger than 96.6% above

100 Hz, so this setup can approximate the rigid surface

condition.22

The sound power of the single channel ANC system

was measured with 10 measurement microphones located

on a semispherical surface centered at the source with the

radius of 2.5 m, as shown in Fig. 7(a) according to the 10

positions listed in ISO 3744.23 The sound pressure at the

measurement microphones was sampled with a Br€uel &

Kjær PULSE 3560 D Analyzer (Skodsborgvej 307, 2850

Nærum, Denmark) and the fast Fourier transform (FFT) ana-

lyzer in PULSE LabShop was used to obtain the FFT spec-

trum. Both primary and secondary sources are customized

loudspeakers, and each one was made by assembling a 1-

inch loudspeaker unit in a 48 mm (length)� 48 mm

(width)� 38 mm (depth) plexiglass box. The acoustic center

of such a loudspeaker was considered at the geometric cen-

ter of the diaphragm of the loudspeaker.

A commercial active noise controller (Antysound Tiger

ANC WIFI-M, 20–203 Guangzhou Rd., Nanjing, China)

embedded with the waveform synthesis algorithm was used

for control.24 The internally synthesized signal at preset fre-

quencies was used to drive the primary source and adopted

as the reference signal. Considering the frequency response

of the loudspeakers and the computation capability of the

controller, the experiments were conducted at a number of

pure tones from 300 Hz to 2 kHz with an interval of 50 Hz.

The objective of this research is to minimize the sound

power of the system. In the theories and simulations, the

minimized sound power of two sources under the optimal

control can be calculated directly according to Eq. (7). In

the experiments, the minimized sound power can be

achieved by feeding the pre-calculated optimal signal into

the secondary source if the transfer functions of the system

and the source strength of the primary source are fixed and

can be obtained in advance by simulations or measurements.
FIG. 5. (Color online) Noise reduction of the ANC system on ground with

two parallel reflecting surfaces, where the surface interval D¼ 0.1 m.
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However, the characteristics of the noise source, the acous-

tic environment, and the secondary path transfer functions

from the secondary source to the error sensors might vary

during the experiments period, so the noise reduction

performance obtained with the pre-calculated optimal con-

trol signal might not be good. To overcome the difficulty,

adaptive control was adopted, which could track these varia-

tions and achieved optimal noise reduction performance in

FIG. 6. (Color online) Sketch of the experimental setup.

FIG. 7. (Color online) Photographs of the experimental setup: (a) the ground plane approximated by a 6 m� 6 m wooden plate and the 10 measurement micro-

phones; (b) a single channel ANC system on ground with 9 error microphones; (c) a single channel ANC system on ground with two vertically placed reflecting

surfaces (1.2 m� 1.2 m); (d) a single channel ANC system on ground with two vertically placed reflecting surfaces (0.15 m� 0.15 m) and 9 error microphones.

J. Acoust. Soc. Am. 147 (5), May 2020 Zhong et al. 3403

https://doi.org/10.1121/10.0001227

https://doi.org/10.1121/10.0001227


the experiments. In the adaptive control system, the summa-

tion of the squared sound pressure at error microphones is

minimized because it is a good approximation of the sound

power of the system, which cannot be measured directly.

The sound power noise reduction obtained in the exper-

iment (NRp) is less than NRw, which is obtained by mini-

mizing the sound power theoretically. For the case without

additional reflecting surfaces (only ground) and the case

with two finite size reflecting surfaces, the number and opti-

mal locations of the error microphones obtained by the sim-

ulations are given in Table I, where the zenith angle and the

azimuth angle are the angular coordinates in the spherical

coordinate system transformed from the Cartesian one

[x0, y0, z0] shown in Fig. 6. These locations are similar to the

ones specified by Table B.2 of the sound power measure-

ment standard ISO 3744.23 The summation of the squared

sound pressure at these error microphones is approximately

proportional to the sound power. Therefore, minimizing the

summation is equivalent to minimizing the radiated sound

power of the system.

A semispherical support frame with a radius of 0.5 m

centered at the midpoint of the two sources, which served as

the error sensor surface shown in Fig. 6, was used to install

the 9 error microphones. For the case with two infinitely

large parallel reflecting surfaces (approximated by two

1.2 m� 1.2 m wooden plates), it is inconvenient to install

the semispherical support frame as in the former cases. Only

the error microphones, which are located in the middle plane

of the two reflecting surfaces (i.e., the 1st, 2nd, and 5th ones

in Table I), are installed by microphone stands.

The simulations (not presented in this paper) by the

authors show that the difference between the sound power

reduction obtained by minimizing the sum of the squared

sound pressure at these error microphones and the one by

minimizing the sound power theoretically is less than 0.2 dB

in the frequency range from 300 Hz to 1.4 kHz. It means

controlling the sound pressure at error microphones can

achieve the same noise reduction as minimizing the total

sound power. The simulation results (not presented in this

paper) shown that the radiation pattern of the system under

the optimal control is not uniform. The noise reduction is

the largest in the direction above the midpoint of the source

line. Increasing the size of the reflecting surfaces can

improve the noise reduction performance at all directions,

but the radiation directivity pattern remains similar.

The measured noise reduction, defined as the measured

sound power level with the two parallel reflecting surfaces

under optimal control subtracted from the one without the

reflecting surfaces (only ground) and without ANC, is

shown in Fig. 8 at different included angles. In this configu-

ration, the surface interval D is set to 0.2 m for easy installa-

tion of the 1.2 m� 1.2 m surfaces, and the source interval d
is set to 0.074 m, which is consistent with all of the configu-

rations in the experiments. It can be found in Fig. 8 that the

noise reduction decreases significantly as the included angle

increases, which is well predicted by the simulations. The

measured result at 0� is only 22.9 dB, which is a finite value

instead of the infinitely large one, as predicted. This might

be due to the fact that the actual parallel reflecting surfaces

are not large enough and the existence of background noise

in the control system.

The measured noise reduction at different surface inter-

vals with two reflecting surfaces placed vertically in parallel

is shown in Fig. 9. The turning frequencies from large noise

reductions down to small ones are about 600 Hz and

1150 Hz for the case D¼ 0.15 m and 0.3 m, respectively,

which is close to the predicted values of 572 Hz and

1143 Hz. The noise reductions below the turning frequency

are between 20 dB and 25 dB, which are about 10 dB higher

than those without any surfaces (only ground). It is clear

that the noise reduction of an ANC system on ground can be

highly improved by introducing two parallel reflecting sur-

faces close to sources.

The noise reductions above 600 Hz for the case D¼ 0.3 m

is higher than those from the simulations. Some reasons

include the following. First, it was found in the experiments

that the sound reduction performance is sensitive to the par-

allel degree of the two reflecting surfaces, but it was hard to

make them be perfectly parallel to each other due to the flex-

ible floor on the mesh of the anechoic chamber. Second, it is

assumed that the sources are point monopole in the theory

and simulations, but the loudspeakers used in the experi-

ments are not omnidirectional in the middle and high

frequency range. Last, it was hard to place the two loud-

speakers accurately at the required locations between

TABLE I. Locations of the error microphones in the experiments for the

case without additional reflecting surfaces (only ground) and the case with

two finite size parallel reflecting surfaces.

No. of the error mic. i 1 2 3 4 5 6 7 8 9

Zenith angle (�) 0 45 45 45 45 90 90 90 90

Azimuth angle (�) 0 0 90 180 270 45 135 225 315

FIG. 8. (Color online) Comparisons of the noise reduction of the ANC sys-

tem at 500 Hz with two reflecting surfaces, which are placed vertically in

parallel at different included angles between the source line and the normal

line of the surfaces. The surface interval D¼ 0.2 m and the source interval

d¼ 0.074 m.
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reflecting surfaces, and the actual separation of acoustic cen-

ters of loudspeakers might be less than 0.074 m.

The measured noise reduction with three sets of finite size

surfaces, 0.1 m� 0.1 m, 0.15 m� 0.15 m, and 0.2 m� 0.2 m,

at different frequencies is shown in Fig. 10. In the experi-

ments, the surface interval D is 0.15 m, and the loudspeakers

were placed close to the adjacent surface, so the source

interval d is about 0.074 m. The experimental results are

generally in accordance with the simulation ones. So finite

size reflecting surfaces that are placed vertically on ground

in parallel can improve the noise reduction performance of

the ANC system, and better noise reduction can be achieved

with larger size reflecting surfaces at low frequencies. For

example, in the experiments, the noise reduction improve-

ment of that without any surfaces (only ground) at 800 Hz is

2.5 dB (2.8 dB in the simulation) for the configuration

0.1 m� 0.1 m, and increases to 8.6 dB (11.9 dB in the simu-

lation) for the configuration 0.2 m� 0.2 m.

The noise reductions for the different configurations

mentioned above are summarized in Table II at two typical

frequencies of 500 Hz and 800 Hz. The global control of the

noise source on ground without any additional reflecting

surfaces is limited, and all the NRs are less than 10 dB.

However, the NRs are greater than 10 dB in both the simula-

tions and experiments if the size of surfaces is greater than

0.1 m� 0.1 m at 500 Hz and 0.2 m� 0.2 m at 800 Hz.

Therefore, it is feasible to improve the NR of the ANC sys-

tem by introducing two parallel reflecting surfaces with

proper distance and size.

V. CONCLUSIONS

This paper employs the modal expansion method and

the boundary element method to simulate the noise reduc-

tion of ANC systems on ground with infinitely large and

finite size reflecting surfaces that are placed vertically on

FIG. 9. (Color online) Comparisons of the noise reduction of the ANC system with two reflecting surfaces, which are placed vertically in parallel at different

surface intervals, where the source interval d¼ 0.074 m: (a) the simulations and (b) the experiments.

FIG. 10. (Color online) Noise reduction of the ANC system with two finite size and parallel reflecting surfaces where the surface interval D¼ 0.15 m and

the source interval d¼ 0.074 m: (a) the simulations and (b) the experiments.
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ground around the system in parallel. Both experimental and

simulation results demonstrate that the system noise reduc-

tion performance can be improved significantly with the

introduction of the two reflecting surfaces. The optimal per-

formance occurs when the source line is perpendicular to

the two parallel surfaces. With infinitely large reflecting sur-

faces, the sound radiation of the primary source can be

completely suppressed in principle by a secondary source,

provided that the surface distance is less than the half wave-

length. With finite size reflecting surfaces, the noise reduc-

tion performance improvement is still significant. For

example, for an ANC system with the source distance of

0.074 m on ground, the original noise reduction is 3.9 dB at

800 Hz. After vertically placing two 0.2 m� 0.2 m reflecting

surfaces around the system in parallel, the noise reduction is

12.5 dB, which is 8.6 dB higher than without any reflecting

surfaces. Future research includes exploring the optimal

geometrical shape of the finite size reflecting surfaces and

optimal configurations of the error sensors and secondary

sources for multiple channel ANC systems with two parallel

reflecting surfaces.
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APPENDIX

This appendix presents the derivation of Eqs. (10) and

(11). When using Eqs. (3)–(5) to calculate the self-radiation

and mutual radiation resistances of the primary and second-

ary sources, the z-axis of the cylindrical coordinate system

(q, u, z) can be established at a line going through the pri-

mary or the secondary source and perpendicular to the

reflecting surfaces. In such a case, the radial coordinate

q< is always 0 in Eq. (1). Then Eq. (1) can be simplified by

using the special values of the Bessel functions, Jn(0)¼ 1 for

n¼ 0 and Jn(0)¼ 0 for n¼ 1, 2, 3, …, as

p r;r0ð Þ¼
qairxkqsrc

4p
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en cos
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It is found that the argument of the Hankel function of

the first kind H0ð�Þ is a non-negative real number and a pure

imaginary one when kD 	 np and kD < np, respectively.

When the argument is non-negative, the results of the

Hankel function are well known as H0(x)¼ J0(x) þ jY0(x),

where J0(x) and Y0(x) are the Bessel functions of the first

and second kind, respectively. Substituting this relationship

into the Eqs. (3) to (5) for the resistance calculation, only

the real part of the H0(x) [i.e., the J0(x)] remains.

When the argument is a pure imaginary number jx, the

Hankel function in Eq. (A1) can be formulated as (page 200

in Ref. 25)

Km xð Þ ¼ p
2

jmþ1Hm jxð Þ; (A2)

where Km(x) is the modified Bessel function of the second

kind and a real number if m¼ 0 and x are non-negative real

numbers.20 Therefore, H0ðjxÞ is a pure imaginary number,

which means the real part is zero and has no contributions to

the resistances computed by Eqs. (3)–(5). So, the summation

terms in Eq. (A1) that satisfy kD < np are neglected, and

the upper bound of the summation in Eqs. (10) and (11) is

bkD=pc.
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