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Abstract—Adaptive active noise control (ANC) systems with
single-channel structure create a silent point at the location
of an error microphone. This silent point creates a zone of
quiet surrounding itself, however, this zone has small dimensions.
Moreover, the error microphone has to be located within the
zone of quiet, limiting the effective space available in the zone
of quiet. This paper develops a new adaptive signal processing
system for ANC in a remote point, located far from the error
microphone. Accordingly, the effective space of the zone of quiet
can be extended. It is shown that an optimal controller for the
creation of a remote silent point can be constructed by the series
combination of a digital controller, called the remote controller,
and an adaptive digital filter. The transfer function of the remote
controller is derived based on the system model in the acoustic
domain. A new update equation for the automatic adjustment of
the adaptive digital filter is proposed. The validity of the results
is discussed through different computer simulations.

I. INTRODUCTION

Active noise control (ANC) has been paid attention in

the control of low frequency sound fields, where the sound

wavelength is greater than acoustic barriers dimensions [1].

Several approaches have been so far used for the development

of ANC systems, resulting in different types of controllers

for ANC, e.g. analog feedback controllers [2], internal model-

based controllers [3] and adaptive digital filters (ADF) [4]–[6].

Among them, adaptive filters show a high level of reliability

and efficiency in different ANC applications. The first attempts

to apply adaptive signal processing techniques for developing

ANC systems were reported by Burgess [4] and Warnaka

[5], independently. Burgess proposed a single-channel feed-

forward structure for adaptive ANC and derived the Filtered-x

Least Mean Square (FxLMS) algorithm as the key component

of this structure. Elliott proposed a multichannel structure

for adaptive ANC and developed a multichannel FxLMS

algorithm [7]. Eriksson introduced the feedback structure as

an alternative to the feedforward structure [8]. The original

FxLMS algorithm, derived by Burgess [4], is today known as

a fundamental algorithm for adaptive ANC. Widrow derived

a similar algorithm in the context of adaptive control for

adaptive inverse control problems [9]. In the past few years,

the authors have extensively studied the behaviors of the

FxLMS algorithm in ANC applications [10]–[14], resulting in

determining restrictions of available adaptive ANC systems,

one of which is addressed in this paper.

The FxLMS algorithm adaptively adjusts a secondary sound

field in accordance with the information provided by a ref-

erence microphone and an error microphone. The secondary
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Figure 1: locations of silent point, zone of quiet and error

microphone

field, that is sometimes called the anti-noise field or control

field, is superposed to the primary sound field (or noise field).

The superposition of the two fields minimizes the sound field

at the location of the error microphone. In this situation, a

silent point is created at the error microphone location and,

consequently, a zone of quiet is produced around this point as

a byproduct. A single silent point in a pure-tone diffuse sound

field establishes a spherical zone of quiet with at least 10 dB

noise reduction within its volume (10 dB zone of quiet) [15].

As seen in Fig. 1a, the 10 dB zone of quiet is centered at the

silent point and its radius is λ
20 , where λ is the wavelength.

Technically, single-channel ANC systems are only able to

make small zones of quiet. For example, in a 750 Hz pure-tone

sound field (λ ≈ 45.7 cm), the radius of the zone of quiet is

limited to 2.2 cm. Additionally, the error microphone has to be

located at the center of the quiet zone, resulting in a very small

space for even a human ear to be located in the zone of quiet.

For solving this problem, a multichannel structure for adaptive

ANC can be used. In this case, several error microphones and

several control loudspeakers are used to create several silent

points [16]. Consequently, the available silent points can make

a larger zone of quiet. This improvement can be achieved only

at the cost of using several microphones, loudspeakers and

using more hardware resources for implementing a multichan-
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nel FxLMS algorithm. One solution is to apply virtual sensing

mechanisms [17]. Based on this approach, new applications of

adaptive ANC systems can be investigated [18], [19]. In [20],

an adaptive signal processing system was proposed based on

virtual sensing to remove the error microphone from the zone

of quiet. This system was originally proposed for the ANC-

based hearing aids, where locating an error microphone within

the zone of quiet (eardrum) is technically impossible. As an

additional advantage, the effective space within the zone of

quiet is extended because there is no error microphone in the

zone. The main drawback of this system is its computational

complexity due to inverting and computing several matrices.

The main motivation of this study is to develop a new

adaptive signal processing system for creating a silent point

and, consequently, a zone of quiet at a remote location, far

from the error microphone. In this case, the effective space of

the zone of quiet can be extended. The desired locations of the

error microphone, silent point and zone of quiet are shown in

Fig. 1b. Compared to the ANC system introduced in [20] and

[21], the proposed system is more computationally efficient

because it does not require inverting and computing matrices.

Compared to multichannel ANC systems, the proposed system

is more economically efficient. This is because this system

does not require additional hardware components rather than

those required by a typical single-channel feedforward ANC

system.

The rest of the paper is organized as follows. Section

II describes a typical FxLMS-based adaptive ANC system

and analyzes its behavior in both the acoustic and digital

electronic domains. Section III describes the idea of remote

ANC and develops a new adaptive signal processing algorithm

for performing active control of sound in remote locations.

Section IV discusses computer simulation results. Finally,

Section V gives concluding remarks.

II. MODELING FXLMS-BASED ANC

Fig. 2 shows a typical layout and block diagram for FxLMS-

based adaptive ANC [1]. In this figure, G and H represent two

physical sub-systems of the ANC plant, called the primary and

secondary paths respectively. They are unknown systems that

model the sound propagation in the ANC plant. The reference

signal, x (n), is measured by a microphone located close to the

noise source. The error signal, e (n), is measured by the error

microphone, located at the desired silent point. The digital

controller, W is a finite impulse response (FIR) filter that

generates the control signal, y (n), to drive the control source.

The sound produced by the control source has to pass H to

reach the error microphone. On the other hand, the original

noise, produced by the noise source, has to pass G to reach

this point. These two signals combine acoustically with each

other across the acoustic domain. However, e (n) that is the

net sound pressure at the location of the error microphone is

only taken as the measure of the residual noise. Consequently,

an adaptive ANC system can adjust W only in such a way that

the measured signal e (n) to be minimized. In the following

the behaviors of the typical ANC model shown in Fig. 2 are

analyzed in both the acoustic and digital electronic domains.
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Figure 2: modeling a typical ANC system (single-channel

feed-forward structure)

A. Acoustic Domain

In order to study ANC system behaviors in the acoustic

domain, it is first required to determine the locations of the sys-

tem components in a coordinate system. In a general case, the

noise source, the control source and the error microphone are

located in three arbitrary points Lx, Ly and L0, respectively.

Assuming that Lx, Ly and L0 are non-collinear, a unique plane

always passes through them. The x-y plane of the coordinate

system is set to this plane. The y-axis is set to the line passing

through L0 and Lx. The origin of the coordinate system is set

to L0. This unique coordinate system along with the location of

the ANC system components are shown in Fig. 2c. As shown

in this figure, the control source location can be specified by

a radial distance, dy , and a polar angle, ϕy . Also, the noise

source location is specified by a radial distance, dx, and a

polar angle, π
2 .

Now let us assume that the noise source is a monopole

source, generating a stochastic sound in the acoustic domain.

The reference microphone is located close to the noise source;

therefore, the noise field at the location of the error micro-

phone (L0) is

p0 (n) =
1

dx
x (n− dx

c ) (1)

where x (n) is the reference signal and c is the sound velocity.
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Similarly, assuming that the control source is a monopole

source that generates the control signal y (n) in the acoustic

domain, the anti-noise field at L0 is

q0 (n) =
1

dy
y (n− dy

c ) (2)

The net sound pressure at L0 is the superposition of p0 (n)
and q0 (n):

e (n) = p0 (n) + q0 (n) (3)

A silent point at L0 can be created when a control signal

y (n) causes e (n) to be zero. This control signal, denoted by

yopt (n), is obtained by setting Eq. (3) to zero after substituting

Eqs. (1) and (2) into it:

yopt (n) = −dy
dx

x (n− dx−dy
c ) (4)

Eq. (4) can be expressed in the z-domain by

Y (z) = Kxyz
−ΔxyX (z) (5)

where X (z) is the z-transform of z (n), Δxy is a time-delay

and Kxy is a static gain given by

Δxy =
dx − dy

c
(6)

and

Kxy = −dy
dx

(7)

From Eq. (5), the transfer function of the optimal controller

can be obtained:

Wopt (z) =
Y (z)

X (z)
= Kxyz

−Δxy (8)

In the derivation of Eq. (8), the uncertainties associated with

the sound propagation, e.g. sound reflection and reverberation,

are not considered. For solving this problem, we propose to

re-express Eqs. (1) and (2) as follows:

p0 (n) =
1

dx
ux (n)� x (n− dx

c ) (9)

q0 (n) =
1

dy
uy (n)� y (n− dy

c ) (10)

where � is the linear convolution operator and where ux (n)
and uy (n) are two unknown transfer functions modeling

possible reflections, reverberations and any other uncertainties

associated with the sound propagation. Now by substituting

Eqs. (9) and (10) into Eq. (3) and by following the same steps

taken for the derivation of Eq. (8), a more realistic solution

for Wopt (z) can be obtained:

Wopt (z) =
Ux (z)

Uy (z)
Kxyz

−Δxy (11)

where Ux (z) and Uy (z) are the z-transforms of ux (n) and

uy (n). The direct implementation of the optimal transfer

function given in Eq. (11), or even the one given in Eq.

(8), is not technically possible because it requires geometrical

parameters and acoustical characteristics of the physical plant,

i.e. Ux (z) and Uy (z), to be known.

B. Digital Electronic Domain

From the block diagram given in Fig. 2b, one can find that

for e (n) = 0, the controller should be set to Wopt = GH−1.

This solution corresponds to the solution given in Eq. (11). The

main problem here is that G and H are unknown systems. For

solving this problem, the FxLMS algorithm (or FxLMS update

equation) is used to adjust W adaptively, until it converges

to Wopt. Concurrently, the error signal power converges to a

minimal level. The FxLMS update equation is given by

w (n+ 1) = w (n) + μe (n)xH (n) (12)

where μ is the adaptation step size and the weight vector w
(of length L) is formed by the impulse response coefficients

of W :

w (n) =
[
w0 (n) w1 (n) . . . wL−1 (n)

]T
(13)

xH (n) is the filtered-x vector, calculated by filtering a tap

vector of the reference signal, x (n), with an estimate of the

secondary path H . Assuming that an accurate estimate of H
is available, xH (n) can be formulated by

xH (n) =

Q−1∑
q=0

hqx (n− q) (14)

where h0, h1, ..., hQ−1 are the impulse response coefficients

of H and the tap vector x (n) is given by

x (n) =
[
x (n) x (n− 1) . . . x (n− L+ 1)

]T
(15)

Now that an updated weight vector for W is computed by Eq.

(12), the control signal y (n) can be computed as the response

of W to the reference signal:

y (n) = w (n)
T
x (n) (16)

A loudspeaker can be then used to transfer y (n) to the acoustic

domain. The function of this signal in the acoustic domain is

discussed in the previous subsection. The FxLMS algorithm

is designed in such a way that W converges to the optimal

controller that minimizes the power of e (n). This optimal

solution corresponds to the transfer function given in Eq. (11).

III. REMOTE ACTIVE NOISE CONTROL

In this paper, it is desired to create a silent point at a remote

location on the x-axis, Lr, while the error microphone located

at the origin is untouched. Figs. 3 show the general layout of

the desired system. Fig. 4 shows the locations of the system

components in the defined coordinate system. In this figure,

the distance between Lr and the feedback microphone (origin)

is modeled by d.

A. Acoustic Domain Analysis

The net sound field at Lr is given by

er (n) = pr (n) + qr (n) (17)

where pr (n) and qr (n) are the sound fields generated by the

noise source and control source at Lr respectively. Using the
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same logic used for the derivation of Eqs. (9) and (10), pr (n)
and qr (n) can be obtained as

pr (n) =
1

dxr
ux (n)� x (n− dxr

c ) (18)

qr (n) =
1

dyr
uy (n)� y (n− dyr

c ) (19)

It is assumed that ux (n) and uy (n) do not change because

dr is very shorter than the distances of Lx and Ly from the

origin. A silent point at the remote location Lr can be created

when for a control signal y (n), er (n) becomes zero. This

control signal, denoted by ỹopt (n), can be obtained by setting

Eq. (17) to zero after substituting Eqs. (18) and (19) into it:

ỹopt (n) = −dyr
dxr

ux (n)� u−1
y (n)� x (n− dxr−dyr

c ) (20)

Therefore, the optimal transfer function for creating a silent

point at the remote location Lr is:

W̃opt (z) =
Y (z)

X (z)
=

Ux (z)

Uy (z)
K̃xyz

−Δ̃xy (21)

where time-delay Δ̃xy and static gain K̃xy are given by

Δ̃xy =
dxr − dyr

c
(22)

K̃xy = −dyr
dxr

(23)

The direct implementation of W̃opt (z) is not technically

possible because acoustical characteristics and geometrical

parameters of the physical plant are unknown (because Ux (z)
and Uy (z) are unknown transfer functions). Alternatively, an

adaptive algorithm can be used to identify an estimate of

W̃opt (z). In this application (remote ANC), the FxLMS algo-

rithm cannot be used because it requires the error microphone

to be placed at the desired silent point (that is the remote point

Lr here). In the following, a new adaptive algorithm to be used

for remote ANC is developed.

B. Adaptive Identification of Optimal Controller

From Fig. 4, the distance between Lx and Lr is

dxr =
√

d2x + d2r (24)

For dr

dx
� 1, Eq. (24) can be approximated by the first two

terms of its Taylor series:

dxr ≈ dx
(
1 + dr

dx

)
(25)

Similarly, the distance between Ly and Lr is

dyr =
√
d2y + d2r + 2drdy cosϕy (26)

For dr

dy
� 1, Eq. (26) can be approximated by the first two

terms of its Taylor series

dyr ≈ dy

(
1 + dr

dy
cosϕy

)
(27)

Substituting Eqs. (24) and (27) into Eq. (22) results in

Δ̃xy =
dx − dy + dr − dr cosϕy

c
(28)

By using Eq. (6), Δ̃xy can be re-expressed by

Δ̃xy = Δxy − dr
c
(1− cosϕy) (29)

Also, substituting Eqs. (24) and (27) into Eq. (23) results in

K̃xy = −
dy

(
1 + dr

dy
cosϕy

)

dx
(
1 + dr

dx

) (30)

For dr

dx
� 1,

1

1 + dr
dx

≈ 1− dr
dx

(31)

Substituting Eq. (30) into (31) results in

K̃xy = −dy
dx

(
1− dr

dx
+ dr

dy
cosϕy − d2r

dxdy
cosϕy

)
(32)

which can be approximated by

K̃xy = −dy
dx

(
1− dr

dx
+ dr

dy
cosϕy

)
(33)

By using Eq. (7), K̃xy can be re-expressed by

K̃xy = Kxy

(
1− dr

dx
+ dr

dy
cosϕy

)
(34)

Now, combining Eqs. (21), (29) and (34) results in

W̃opt (z) =
Ux (z)

Uy (z)
KxyKρz

−(Δxy+Δρ) (35)

where time-delay Δρ and static gain Kρ are given by

Kρ = 1− dr
dx

+
dr
dy

cosϕy (36)

and

Δρ =
dr
c
(1− cosϕy) (37)

From Eqs. (11) and (35), W̃opt (z) can be expressed by

W̃opt (z) = ρ (z)Wopt (z) (38)
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where ρ (z) is the remote controller transfer function, given

by

ρ (z) = Kρz
−Δρ (39)

Eq. (38) gives the transfer function of the optimal controller

W̃opt (z) that creates a silent point at a remote location. Ac-

cording to Eq. (38), the proposed ANC controller is obtained

by the series combination of a remote controller, ρ (z), and

a traditional ANC controller, Wopt (z). Based on this finding,

the functional block diagram of the remote ANC system can be

developed as shown in Fig. 5. Note that Wopt (z) is the transfer

function of an optimal controller that could have minimized

the sound field at the location of the error microphone (origin

of the coordinate system). In the proposed system, Wopt (z) is

a part of the remote ANC system; therefore, it does not intend

to minimize the sound field at the error microphone location.

Alternatively, it intends to contribute in the minimization of the

sound field at a remote location far from the error microphone.

1) Construction of the remote controller ρ (z): Eqs. (36),

(37) and (38) give a transfer function for the construction

of the remote controller. This controller is always stable and

causal because it has a pure-delay impulse response with a

positive semi-definite time-delay. Based on these equations,

the construction of the remote controller requires the location

of the noise source (dx), the location of the control source (dy
and ϕy) and the distance of the remote silent point from the

error microphone (dr) to be known.

2) Construction of the traditional ANC controller Wopt (z):
In the traditional ANC, an estimate of Wopt (z) is identified

by the FxLMS algorithm, as discussed in Subsection II-B. In

this case, unknown acoustical characteristics of the physical

plant and the uncertainties associated with the system model

are taken into account while Wopt (z) is being identified

adaptively. The FxLMS algorithm is able to arrive at an

estimate of Wopt (z), if the reference and error signals fed

to its update equation are identical to those of the original

FxLMS-based ANC system; but we have changed the control

system structure by introducing the remote controller ρ (z).
The reference signal is independent of the control system;

therefore, the reference signal of the remote ANC system

(shown in Fig. 3) is identical to that of the original FxLMS-

based ANC system (shown in Fig. 2a). Unlike the reference

signal, the error signal is affected by the remote controller

ρ (z). Therefore, the error signal in the remote ANC system

is different with the error signal in the original FxLMS-based

ANC system.

For solving this problem, we can compensate for the in-

fluences of the remote controller ρ (z) on the error signal,

resulting in a new adaptive ANC algorithm to be used in

remote ANC applications. From the block diagram given in

Fig. 2b, the error signal in the original FxLMS-based ANC

system can be expressed in the z-domain:

E∗ (z) = G (z)X (z) +W (z)H (z)X (z) (40)

Similarly, the error signal in the remote ANC system can be

expressed from the block diagram shown in Fig. 5:

E (z) = G (z)X (z) +W (z) ρ (z)H (z)X (z) (41)

Subtracting Eqs. (41) from (40), the difference between the

two error signal can be obtained:

�E (z) = E∗ (z)− E (z)

= W (z)H (z)X (z)−W (z) ρ (z)H (z)X (z) (42)

Fig. 5 shows that

W (z) ρ (z)X (z) = Y (z) (43)

and

W (z)X (z) = V (z) (44)

Therefore Eq. (42) is simplified to

�E (z) = H (z) {V (z)− Y (z)} (45)

�E (z) can be expressed in the time-domain as

�e (n) = h (n)� {v (n)− y (n)} (46)

Note that both v (n) and y (n) are available in the digital

electronic domain, as shown in Figure 5. The secondary

path impulse response is also available for the adaptive ANC

system as it has to be used in the original FxLMS update

equation given in Eq. (12). Therefore, �e (n) can be expressed

by

�e (n) =

Q−1∑
q=0

hq {v (n− q)− y (n− q)} (47)

�e (n) is the difference between the available error signal in

the remote ANC system and the desired error signal. This

difference should be added to the available error signal before

being used by an FxLMS-like update equation. In this case,

the new update equation can be expressed by

w (n+ 1) = w (n) + μ {e (n) +�e (n)}xG (n) (48)

This update equation can adaptively identify an estimate of

W̃opt (z).
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IV. SIMULATION RESULTS

This section discusses the numerical results obtained from a

set of computer simulation experiments in order to verify the

theoretical results. In the following simulation experiments, a

noise source generates an stochastic noise with the normalized

bandwidth of 0.4. In this case, the reference signal x (n) can

be initially produced as a random number with the mean of

zero and variance of 1. It is then filtered by a low pass filter

with a normalized cutoff frequency of 0.4. In the simulation

experiments, the noise source is located at the Cartesian

coordinates (0, 2), the control source is located at the Cartesian

coordinates (−0.4,−0.5) and the error microphone is located

at the origin of the coordinate system. In this situation, the

geometrical parameters of the system can be computed as

Lx=2 m, Ly=0.64 m and ϕy=231 degrees. It is assumed that

u1 (n) and u2 (n) are two low pass filters.

In the first simulation experiment, the traditional ANC

system is considered; therefore, it is desired to create a silent

point at the location of the error microphone. By substituting

the values of x (n) in Eq. (1), the noise field can be calculated.

By using the values of the parameters Lx, Ly and ϕy, the

optimal transfer function Wopt (z), given in Eq. (11), can be

constructed. The control signal y (n) can be then calculated as

the response of Wopt (z) to x (n). By substituting the values

of y (n) in Eq. (2), the anti-noise field (or control field) can

be calculated. The summation of the noise field and anti-noise

field results in the net sound field. The net sound field over

the x-axis is calculated and it is then plotted in Fig. 6 by the

blue curve. As seen, the noise is attenuated by more than 30

dB at the location of the error microphone, resulting in the

creation of a silent point at this location.

In the second simulation experiment, the FxLMS algorithm

(as shown in Fig. 2b) is applied to identify Wopt (z). When the

FxLMS algorithm reaches steady state conditions, the weight

vector w (n) is used to construct Wopt (z). The control signal

y (n) can be then re-calculated as the response of Wopt (z) to

the reference signal. Repeating the procedure described in the

previous experiment, the net sound field over the x-axis can be

calculated and plotted. The results is shown in Fig. 6 by the

red curve. Comparing the blue and red curves in Fig. 6 shows

that the FxLMS algorithm arrives at the optimal controller that

can be obtained through the analysis of the ANC plant in the

acoustic domain. Also, from this figure, the limited extension

of the zone of quiet surrounding the silent point is evident.

In this particular example, the zone of quiet diameter is not

more than 4 cm. Considering the space occupied by the error

microphone, the zone of quiet has no room for any other device

or human ear.

Now, the remote ANC system proposed in this paper is

simulated. In the third simulation experiment, it is desired to

create a silent point at a location 10 cm away from the error

microphone: Lr=0.1 m. By using the values of the parameters

Lx, Ly ,ϕy and Lr the optimal transfer function W̃opt (z),
given in Eq. (38), can be constructed. Repeating the same

procedure described in the first experiment, the net sound field

over the real-axis can be plotted, as shown in Fig. 7 by the

blue curve. As seen, the sound field is attenuated by more than
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30 dB at a location 10 cm away from the error microphone,

resulting in the creation of a remote silent point.

In the last simulation experiment, the adaptive signal pro-

cessing system proposed in Subsection III-B is applied to

identify W̃opt (z). The functional block diagram of the system

is shown in Fig. 5. The update equation shown in the block

diagram is also given in Eq. (48). When the adaptation process

reaches steady state conditions, the last weight vector, updated

by Eq. (48), is used to construct W̃opt (z). Repeating the

procedure described in the previous experiment, the net sound

field over the x-axis is calculated and it is then plotted in

Fig. 7 by a red curve. Comparing the blue and red curves

in Fig. 7 shows that the proposed adaptive signal processing

system algorithm arrives at the optimal controller that can

be obtained through the analysis of the ANC plant in the

acoustic domain. Hence, we can come to this conclusion that

the adaptive creation of a remote silent point is possible. Since

the error microphone is not located at the remote silent point,
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the space available in the surrounding zone of quiet (remote

zone of quiet) can be used more efficiently.

V. CONCLUSION

Single-channel ANC systems are only able to make small

zones of quiet around an error microphone. Moreover, the

error microphone occupies a part of the available space in the

zone of quiet, resulting in a very small effective space within

the zone of quiet. In this paper, we developed a new ANC

system for making a remote silent point located far from the

error microphone. The proposed ANC controller is a series

combination of a remote controller and an original FxLMS-

based ANC controller. The remote controller has a pure-delay

impulse response with a positive semi-definite time-delay.

The static gain and time-delay of the remote controller were

found by analyzing the ANC plant in the acoustic domain.

The second part of the remote ANC system is an original

FxLMS-based controller, but we could not apply the original

FxLMS algorithm in the remote ANC system. This is because

the error signal is affected by the remote controller in the

remote ANC system. A mechanism for the compensation for

the effects of the remote controller on the error signal was

proposed, resulting in an new adaptive algorithm for remote

ANC applications.
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