LJAEA

International Journal of Advanced Engineering Application
Volume No.2 Issue No 1 Jan 2025
ISSN NO:3048-6807

Comprehensive Review of Virtual Sensing
Algorithms for Enhancing Active Noise
Control Systems

Mamadou Diallo?, Souleymane Camara?, and Mariama Kaba?
1Department of Electrical Engineering, University of Conakry, Conakry, Guinea
2Department of Computer Science, University of Conakry, Conakry, Guinea
3Department of Civil Engineering, University of Conakry, Conakry, Guinea

Abstract:
Traditional local active noise control (ANC) systems aim to minimize the measured acoustic pressure in order to create
a zone of quiet at the physical error sensor location. However, the effectiveness of these systems is often limited by the
relatively small size of the quiet zone, which requires the physical error sensor to be placed precisely at the location
where noise reduction is desired. This positioning can be inconvenient and impractical in many applications,
particularly when the sensor cannot be placed directly in the desired zone of attenuation. To address these limitations,
virtual sensing algorithms have been developed as an innovative solution for active noise control. Virtual sensing
algorithms leverage the physical error signal, the control signal, and the system’s knowledge to estimate the error
signal at a remote location, referred to as the virtual location. Rather than focusing on minimizing the error at the
physical sensor location, the system is designed to minimize the estimated error at the virtual location, thus generating
amore effective and flexible zone of quiet at the target location, even if it is not directly accessible for sensor placement.
This paper provides a comprehensive review of various virtual sensing algorithms that have been proposed for active
noise control. The performance of these algorithms is evaluated through both numerical simulations and real-world
experimental results. In addition to comparing the effectiveness of these algorithms, the challenges and opportunities
associated with their implementation in practical ANC systems are also discussed, highlighting the potential benefits
and limitations of virtual sensing in achieving broader and more dynamic noise attenuation zones.
Keywords: Virtual sensing; Active noise control; Active headrest; Acoustic noise reduction; Error signal estimation;
Zone of quiet; Noise attenuation; Remote sensor; Control signal; Noise cancellation; ANC algorithms; Sensor
placement optimization; Acoustic feedback; Virtual location; Noise control systems1.

1. Introduction
Local active noise control systems aim to create a localised zone of quiet at the physical error sensor (typically a
microphone) by minimising the acoustic pressure at the physical error sensor location with secondary sound sources
(typically loudspeakers). While significant attenuation may be achieved at the physical sensor location, the zone of quiet
tends to be very small. Also, the sound pressure levels outside the zone of quiet are likely to be higher than the original
disturbance alone with the active noise control system present. This is illustrated in Fig. 1 (a), where the zone of quiet
located at the physical error sensor is too small to extend to the observer’s ear and the observer in fact experiences an
increase in the sound pressure level with the active noise control system operating. Elliott et al. [1] investigated the spatial
extent of the zone of quiet when controlling pressure with a remote secondary source in a pure-tone diffuse sound field.
The zone of quiet generated at the microphone was found to be defined by a sinc function, with the primary sound
pressure level reduced by 10 dB over a sphere of diameter one tenth of the excitation wavelength, 1/10A/10. The zone of
quiet generated at the sensor location may be enlarged by minimising the acoustic energy density instead of the acoustic
pressure. As the control of acoustic pressure and pressure gradient at a point is equivalent to minimising the acoustic
energy density at that point [2], Elliott and Garcia-Bonito [3] investigated the control of both pressure and pressure
gradient in a diffuse sound field with two secondary sources. Minimising both the pressure and pressure gradient along a
single axis produced a 10 dB zone of quiet over a distance of A/2A/2, in the direction of pressure gradient measurement.
This is considerably larger than the zone of quiet obtained by minimising pressure alone. As the zone of quiet generated
at the physical error sensor is limited in size for active noise control, virtual acoustic sensors were developed to shift the
zone of quiet to a desired location that is remote from the physical sensor. This is shown in Fig. 1 (b) where the zone of
quiet is shifted from the physical sensor to a virtual sensor located at the observer’s ear. Using the physical error signal,
a virtual sensing algorithm is used to estimate the pressure at a fixed virtual location. Instead of minimising the physical
error signal, the estimated pressure is minimised with the active noise control system to generate a zone of quiet at the
virtual location. A number of virtual sensing algorithms have been developed to estimate the pressure at a fixed virtual
location including the virtual microphone arrangement [4], the remote microphone technique [5], the forward difference
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prediction technique [6], the adaptive LMS virtual microphone technique [7], the Kalman filtering virtual sensing
method [8] and the stochastically optimal tonal diffuse field virtual sensing technique [9].
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Figure 1. Comparison of local active noise control (a) at a physical sensor; and (b) at a virtual sensor.

It is, however, likely that the desired location of attenuation is not spatially fixed. This occurs, for example, when the
desired location of attenuation is the ear of a seated observer and the observer moves their head, thereby moving the
virtual location. As a result, a number of moving virtual sensing algorithms have been developed to generate a virtual
microphone capable of tracking a moving virtual location including the remote moving microphone technique [10], the
adaptive LMS moving virtual microphone technique [11] and the Kalman filtering moving virtual sensing method [12].

This paper will review the spatially fixed and moving virtual sensing algorithms developed for active noise control.
Additionally, the performance of these virtual sensing algorithms in numerical simulations and in experiments is
discussed and compared. Finally, it should be noted that the performance of the virtual sensing algorithms is generally
assessed indirectly through the performance of the active noise control system in achieving control at the virtual location.
Key references are provided for those who wish to obtain further details on any of the virtual sensing algorithms. As the
focus of this paper is on the spatially fixed and moving virtual sensing algorithms, details of active noise control
algorithms that can be used to control the sound field and generate zones of quiet at the virtual locations are not given.
Details of active noise control algorithms, such as the filtered-x LMS algorithm, may be found in Kuo and Morgan [13],
Elliott [14] and Nelson and Elliott [2].

2. Spatially Fixed Virtual Sensing Algorithms

Spatially fixed virtual sensing algorithms are used to obtain estimates of the error signals at a number of spatially fixed
virtual locations using the error signals from the remotely located physical error sensors, the control signal and knowledge
of the system. These virtual sensing algorithms are then combined with an active noise control algorithm to generate
zones of quiet at the fixed virtual locations. A number of spatially fixed virtual sensing algorithms have been developed
in the past including the virtual microphone arrangement [4], the remote microphone technique [5], the forward
difference prediction technique [6], the adaptive LMS virtual microphone technique [7], the Kalman filtering virtual
sensing method [8] and the stochastically optimal tonal diffuse field virtual sensing technique [9]. A discussion of these
algorithms is provided as follows.

2.1. The virtual sensing problem

The virtual sensing problem and notation used throughout this paper are introduced in this section. It is assumed here that
there are MpMp physical microphones, MvMv spatially fixed virtual microphones and L secondary sources. The vector
of the total pressures at the MpMp physical microphones, ep(n)ep(n), is defined as

ep(n)=[epl(n)ep2(n)...epMp(n)]T.ep(n)=epl(n)ep2(n)...epMp(n)T. (1)

The total pressures at the MpMp physical microphones, ep(n)ep(n), is the sum of the sound fields produced by the
primary and secondary sound sources at the physical microphone locations, and may be written as

ep(n)=dp(n)+yp(n)=dp(n)+Gpuu(n),ep(n)=dp(n)+yp(n)=dp(n)+Gpuu(n), (2)

where dp(n)dp(n) is a vector of the primary pressures at the MpMp physical microphones, yp(n)yp(n) is a vector of the
secondary pressures at the MpMp physical microphones, GpuGpu is a matrix of size MpxLMpxL whose elements are
the transfer functions between the secondary sources and the physical microphones, u(r)u(n) is a vector of the secondary
source strengths and n is the time step.
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Similarly, the vector of the total pressures at the MvMv spatially fixed virtual locations, ev(n)ev(n), is defined as
ev(n)=[evl(n)ev2(n)...epMv(n)]T.ev(n)=ev1l(n)ev2(n)...epMv(n)T (3)

The total pressures at the MvMyv virtual microphones, ev(n)ev(n), is the sum of the sound fields produced by the primary
and secondary sources at the MvMv virtual locations and may be written as

ev(n)=dv(n)+yv(n)=dv(n)+Gvuu(n),ev(n)=dv(n)+yv(n)=dv(n)+Gvuu(n) (4)

where dv(n)dv(n) is the vector of the primary pressures at the MvMv virtual locations, yv(n)yv(n) is the vector of
secondary pressures at the MvMv virtual locations and GvuGvu is a matrix of size MvxLMvxL whose elements are the
transfer functions between the secondary sources and the virtual locations.

Using the physical error signals, ep(n)ep(n), a virtual sensing algorithm is used to estimate the pressures, ev(n)ev(n), at
the spatially fixed virtual locations. Instead of minimising the physical error signals, the estimated pressures are
minimised with the active noise control system to generate zones of quiet at the virtual locations.

2.2. The virtual microphone arrangement

The virtual microphone arrangement, proposed by Elliott and David [4], was the first virtual sensing algorithm suggested
for active noise control. This virtual sensing algorithm uses the assumption of equal primary sound pressure at the physical
and virtual microphone locations. Virtual sensing algorithms similar to the virtual microphone arrangement have also
been proposed by Kuo et al. [15] and Pawelczyk [16,17]. A block diagram of the virtual microphone arrangement is
shown in Fig. 2. The virtual microphone arrangement is most easily implemented with equal numbers of physical and
virtual sensors, so Mv=MpMv=Mp [12]. The microphones are located in MvMv pairs, each consisting of one physical
microphone and one virtual microphone. In this virtual sensing algorithm the primary sound pressure is assumed to be
equal at the physical and virtual microphones in each pair, i.e. that dv(n)=dp(n)dv(n)=dp(n). This assumption holds if
the primary sound field does not change significantly between the physical and virtual microphones in each pair.

A preliminary identification stage is required in this virtual sensing algorithm in which the matrices of transfer
functions, G"puG pu and G"vuG~vu, are modelled as matrices of FIR or IIR filters. Once this preliminary identification
stage is complete, the microphones temporarily placed at the virtual locations are removed. As shown in Fig. 2,
estimates, e v(n)e”v(n), of the total error signals at the virtual locations are calculated using

e v(n)=ep(n)—(Gpu—G vu)u(n).c v(n)=ep(n)-(G pu-G-vu)u(n). (5)

The performance of the virtual microphone arrangement has been thoroughly investigated in both tonal and broadband
sound fields by a number of authors [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. Theoretical analysis in a pure
tone diffuse sound field demonstrated that at low frequencies, the zone of quiet generated at a virtual microphone with
the virtual microphone arrangement is comparable to that achieved by directly minimising the measured pressure of a
physical microphone at the virtual location [18,19]. At higher frequencies however, those above 500 Hz, the 10 dB zone
of quiet is substantially smaller when using a virtual microphone compared to a physical microphone at the same location.
This is due to the assumption of equal primary pressure at the physical and virtual microphone locations being less valid
as the wavelength decreases [18,19].

e,(n) \ dy(n) = d,(n) _ é,(n)
T :Cf:)_’
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Figure 2. Block diagram of the virtual microphone arrangement.
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The performance of a local active headrest system implementing the virtual microphone arrangement has been
experimentally investigated by a number of authors [18,19,22,23,25,27,32]. An example of a local active headrest system
is shown in Fig. 3. Garcia-Bonito et al. [18,19] investigated the performance of a local active headrest system in
minimising a tonal primary disturbance at virtual microphones located 2 cm from the ears of a manikin and 10 cm from
the physical microphones. Below 500 Hz, the 10 dB zone of quiet generated at the virtual microphone extends
approximately 8 cm forward and 10 cm side to side. At higher frequencies however, the assumption relating to the
similarity of the primary field at the physical and virtual microphones is no longer valid and limited attenuation is
achieved at the virtual location.

Loudspeaker |

Physical mic

The performance of a local active headrest system in attenuating a broadband disturbance with a 100 - 400 Hz frequency
range was investigated by Rafaely et al. [22,23] using feedback control. An overall attenuation of 9.5 dB was obtained at
a virtual microphone located at the ear of a manikin with the virtual microphone arrangement. This is compared to 19 dB
being obtained at the physical microphone by directly minimising the measured pressure signal. Differences in the
attenuation achieved by minimising the physical and virtual microphone signals were partly attributed to the physical
microphone being significantly closer to the secondary loudspeaker than the virtual microphone. This results in a longer
delay in the virtual plant, which has a negative effect on the performance of the feedback control system.

As the performance of the active headrest will be affected by the presence of the passenger’s head, Garcia-Bonito and
Elliott [20] and Garcia-Bonito et al. [19,21] theoretically investigated the performance of the virtual microphone in
generating a zone of quiet near the surface of a reflecting sphere. The presence of the reflecting sphere was seen to
increase the size of the zone of quiet when using the virtual microphone arrangement, especially at high frequencies. This
is due to the imposed zero pressure gradient on the reflecting surfaces.

2.3. The remote microphone technique

The remote microphone technique developed by Roure and Albarrazin [5] is an extension to the virtual microphone
arrangement [4] which uses an additional matrix of filters to compute estimates of the primary disturbances at the virtual
sensors from the primary disturbances at the physical sensors. An active acoustic attenuation system designed to attenuate
noise at a location that is remote from the physical error sensor using the remote microphone technique was independently
patented by Popovich [33]. Versions of the remote microphone technique have also been suggested by Hashimoto et al.
[34], Friot et al. [35] and Yuan [36].

Like the virtual microphone arrangement, the remote microphone technique requires a preliminary identification stage in
which the secondary transfer matrices G'puG™pu and GvuG™vu are modelled as matrices of FIR or IIR filters.
The MvxMpMvxMp sized matrix of primary transfer functions between the virtual locations and the physical
locations, M™M", is also estimated as a matrix of FIR or IIR filters during this preliminary identification stage. The
secondary transfer function matrix G"puG™pu is identified using the secondary sources and the physical microphones
while microphones temporarily placed at the virtual locations are used to obtain matrices G vuG™vu and M™M".
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A block diagram of the remote microphone technique is given in Fig. 4. As shown in Fig. 4, estimates of the primary
disturbances, d“p(n)d p(n), at the physical error sensors are first calculated using

Radcliffe and Gogate [37] demonstrated that theoretically, a perfect estimate of the tonal disturbance at the virtual location
can be achieved with this virtual sensing algorithm provided accurate models of the tonal transfer functions are obtained
in the preliminary identification stage. Using a three-dimensional finite element model of a car cabin, the tonal control
achieved at a number of virtual microphones generated with the remote microphone technique was equivalent to that
achieved by directly minimising the measured signals at the virtual locations.

ep(n)

Y

u(n)

Roure and Albarrazin [5] experimentally investigated the performance of the remote microphone technique in a room
simulating an aircraft cabin with periodic noise at 170 Hz. Using twelve virtual microphones, six physical microphones
and nine secondary sources, the remote microphone technique achieved an average attenuation of 20 dB at the twelve
virtual locations with a feedforward control approach. However, 27 dB of attenuation was obtained by directly minimising
the measured pressure at the virtual locations. This disparity was attributed to the sensitivity of the remote microphone
technique to errors in the measured transfer functions. The performance of the remote microphone technigue has also
been investigated in the control of broadband noise in an acoustic enclosure [34], road traffic noise [38] and broadband
acoustic duct noise [36].

The performance of the remote microphone technique has been experimentally compared to that of the virtual microphone
arrangement in a broadband primary sound field with 50 - 300 Hz frequency range [39]. Using a feedforward control
approach, the two virtual sensing algorithms were used to generate a zone of quiet at a virtual location inside a three-
dimensional enclosure using a physical microphone located on the enclosure wall 25 cm from the virtual location. The
results demonstrated that greater attenuation is achieved at the virtual location with the remote microphone technique.
The inferior performance of the virtual microphone arrangement was again attributed to the invalid assumption of equal
primary sound pressure at the physical and virtual microphone locations.

2.4. The forward difference prediction technique

The forward difference prediction technique, as proposed by Cazzolato [6], fits a polynomial to the signals from a number
of physical microphones in an array. The pressure at the virtual location is estimated by extrapolating this polynomial to
the virtual location. This virtual sensing algorithm is suitable for use in low frequency sound fields, when the virtual
distance and the spacing between the physical microphones is much less than a wavelength. At low frequencies, the
spatial rate of change of the sound pressure between the microphones is small and extrapolation can therefore be applied

[6].

Fig. 5(a) shows the pressure at a virtual location, x, estimated by a first-order finite difference estimate.
Using Mp=2Mp=2 physical microphones, separated by a distance of 242h, the equation for the estimate of the pressure
at the virtual location using two microphone linear forward difference extrapolation is given by [6]
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Figure 5. Diagram of (a) two microphone linear forward difference extrapolation; and (b) three microphone quadratic
forward difference extrapolation. The black curved line represents the actual pressure field and the dashed line represents
the pressure estimate.

The forward difference prediction technique has several advantages over other virtual sensing algorithms. Firstly, the
assumption of equal primary sound pressure at the physical and virtual locations does not have to be made, but also
preliminary identification is not required, nor are FIR filters or similar to model the complex transfer functions between
the sensors and the sources. Furthermore, this is a fixed gain prediction technique that is robust to physical system changes
that may alter the complex transfer functions between the error sensors and the control sources.

The performance of forward difference prediction virtual sensors has been evaluated in a long narrow duct and in a free
field, both numerically and experimentally, by a number of authors [40,41,42,43,44,45,46,47]. Using either linear or
quadratic prediction techniques, these virtual sensors outperform the physical microphones in terms of the level of
attenuation achieved at the virtual location. While the second-order estimate is theoretically more accurate than the first-
order estimate, real-time feedforward experiments in a narrow duct demonstrated that quadratic prediction techniques are
adversely affected by short wavelength extraneous noise. It was also shown by Petersen [12], that the estimation problem
is ill-conditioned for the three sensor arrangement, explaining the difference between numerical and experimental results.

In an attempt to improve the prediction accuracy of the forward difference algorithm, higher-order forward difference
prediction virtual sensors which act to spatially filter out the extraneous noise were developed [45,48]. Additional
physical microphones were added to the array resulting in a greater number of microphones than system order. The
microphone weights for this over constrained system were then calculated using a least squares approximation.

4. Conclusion

This paper has reviewed virtual sensing algorithms for active noise control. A summary of the spatially fixed and moving
virtual sensing algorithms, including their characteristics, advantages and disadvantages, is given in Table 1.

Spatially fixed virtual sensing algorithms estimate the error signal at a spatially fixed location that is remote from the
physical error sensor. The virtual microphone arrangement [4] projects the zone of quiet away from the physical
microphone using the assumption of equal primary sound pressure at the physical and virtual locations. A preliminary
identification stage is required in this virtual sensing method in which models of the transfer functions between the
secondary source and microphones located at the physical and virtual locations are estimated. These secondary transfer
functions, along with the often invalid assumption of equal sound pressure at the physical and virtual locations, are used
to obtain an estimate of the error signal at the virtual location. The remote microphone technique [5] is an extension to
the virtual microphone arrangement that uses an additional filter to compute an estimate of the primary pressure at the
virtual location using the primary pressure at the physical microphone location. In theory, a perfect estimate of the tonal
sound pressure may be achieved at the virtual location with the remote microphone technique provided accurate models
of the tonal transfer functions are obtained in the preliminary identification stage.

The forward difference prediction technique [6] is a fixed gain virtual sensing algorithm that fits a polynomial to the
signals from a number of physical microphones in an array. The pressure at the virtual location is estimated by
extrapolating this polynomial to the virtual location. This virtual sensing method does not require a preliminary
identification stage, nor are FIR filters or similar to model the complex transfer functions between the sensors and the
sources. The forward difference prediction virtual sensors are, however, sensitive to phase and sensitivity mismatches
and relative position errors between the physical microphones in the array.

The adaptive LMS virtual microphone technique [7] employs the LMS algorithm to adapt the weights of physical
microphones in an array so that the weighted sum of these signals minimises the mean square difference between the
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predicted pressure and that measured by a microphone placed at the virtual location. The adaptive LMS virtual
microphone technique can compensate for relative position errors and sensitivity mismatches adversely affecting the
forward difference prediction technique.

The Kalman filtering virtual sensing method [8] uses Kalman filtering theory to obtain an optimal estimate of the error
signal at the virtual location. In this virtual sensing method, the active noise control system is modelled as a state space
system whose outputs are the physical and virtual error signals. The Kalman filtering virtual sensing method does not
require a number of FIR or IIR filter matrices to compute an estimate of the virtual error signals, instead a compact state
space model is used. Also, this virtual sensing algorithm is derived with measurement noise included on the sensors.

The stochastically optimal tonal diffuse field virtual sensing method generates stochastically optimal virtual microphones
and virtual energy density sensors specifically for use in pure tone diffuse sound fields [9,55]. Although a perfect estimate
of the pressure at the virtual location may be obtained with the remote microphone technique [5], the stochastically
optimal tonal diffuse field virtual sensing technique is much simpler to implement being a fixed scalar weighting method
requiring only sensor position information. This virtual sensing method is independent of the source or sensor locations
within the sound field and can compensate for changes in the sound field that may alter the transfer functions between
the sensors and the sources.

Moving virtual sensing algorithms generate a virtual microphone capable of tracking a virtual location that is moving
through the sound field. Three moving virtual sensing algorithms have been developed; the remote moving virtual
microphone technique [10], the adaptive LMS moving virtual microphone technique [11] and the Kalman filtering
moving virtual sensing method [12]. When combined with an active noise control algorithm, these three moving virtual
sensing algorithms were shown to achieve greater attenuation at the moving virtual location than control at a fixed
physical or virtual sensor.
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