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ABSTRACT

A common problem in local active noise control is that the zone of quigeced at the physical microphone is too small
to extend to the desired location of attenuation, such as an observehegrhysical microphone must therefore be
placed at the desired location of attenuation, which is often inconvenietialimicrophones overcome this by shifting
the zone of quiet away from the physical microphone to a desired locatiattenuation, referred to as the virtual
location. In an effort to extend the zone of quiet generated at the vidoation, a virtual acoustic energy density
method is developed in this paper for use in a three-dimensional solohdriigs virtual energy density method uses a
modified version of the remote microphone technique to estimate the totatacenergy density at a virtual location.
Experimental results of active noise control at a virtual acoustic gregsity sensor and a virtual microphone in a
three-dimensional sound field are presented for comparison. Mingniisetotal virtual acoustic energy density with
the active noise control system is shown to create a spatially extendedfapumet at a fixed virtual location compared

to virtual pressure control.

INTRODUCTION

A traditional local active noise control system creates a zone
of quiet at a physical microphone by minimising the measured

acoustic sound pressure with a single secondary sound source.

While noise levels are significantly attenuated at the micro-
phone location, the zone of quiet is generally small and im-
practically sized Elliott et al. (1988 demonstrated both ana-
lytically and experimentally that the zone of quiet generated at
a microphone in a pure tone diffuse sound field is defined by
asincfunction, with the primary sound pressure level reduced
by 10 dB over a sphere of diameter one tenth of the excitation
wavelengthA /10. In addition to the zone of quiet being small,
the sound pressure levels outside of the zone of quiet are likely
to be higher than the original disturbance alone. This is shown
in Fig. 1 (a), where the zone of quiet located at the physical
microphone 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.

The zone of quiet generated at the physical sensor location
may be enlarged by minimising the acoustic energy density in-
stead of the acoustic sound presséiéott and Garcia-Bonito
(1995 investigated the control of both pressure and pressure
gradient (equivalent to one-dimensional acoustic energy den-
sity (Nelson and Elliott 1999 in a diffuse sound field with
two secondary sources. Minimising both the pressure and pres-
sure gradient along a single axis produced a 10 dB zone of
quiet over a distance df /2, in the direction of pressure gradi-
ent measurement. This is considerably larger than the zone of
quiet obtained by minimising pressure alone.

Virtual microphones are used in active noise control to shift
the zone of quiet away from the physical microphone to a de-
sired location of attenuation. This is shown in Figb), where

the zone of quiet is shifted from the physical microphone to
a virtual microphone located at the observer’s ear. Using the
physical error signal, a virtual sensing algorithm is used to
estimate the pressure at the virtual location. Instead of min-
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imising the physical error signal, the estimated pressure is min-
imised with the active noise control system to generate a zone
of quiet at the virtual location. A number of virtual sensing al-
gorithms have been developed in the past to estimate the pres-
sure at a fixed virtual location includirige virtual microphone
arrangementElliott and David 1992, the remote microphone
techniqgugRoure and Albarrazin 199%he forward difference
prediction techniquéCazzolato 1999 the adaptive LMS vir-
tual microphone techniquéCazzolato 200R the Kalman fil-
tering virtual sensing techniqu@etersen et al. 200&ndthe
Stochastically Optimal Tonal Diffuse Field (SOTDF) virtual
sensing metho(Moreau et al. 2009b

In an effort to extend the localised zone of quiet generated at
a fixed virtual location, one-dimensional virtual acoustic en-
ergy density sensors have been developed using the forward
difference prediction techniquekéstell et al. 200p and the
SOTDF virtual sensing methodpreau et al. 2009b These
one-dimensional virtual acoustic energy density sensors esti-
mate the sound pressure and the pressure gradient along one
of the three orthogonal axes. Forward difference prediction vir-
tual energy density sensors were shown to produce a broader
region of control compared to virtual microphones in numer-
ical simulations and experiments conducted in a free field
and a long narrow ductKestell et al. 2001aKestell 2000
Kestell et al. 20002001h. Active noise control at a stochasti-
cally optimal virtual energy density sensor with two secondary
sources in a pure tone diffuse sound field generates a zone of
quiet with a diameter of approximately/2 at the virtual loca-

tion (Moreau et al. 2009b This is a five fold increase in the
size of the zone of quiet compared to that obtained by can-
celling the pressure at a virtual location alone.

In many applications, the virtual location is not spatially fixed.
This occurs, for example, when the desired location of attenua-
tion is the ear of a seated observer and the observer moves their
head, thereby moving the virtual location. As a result, a num-
ber of moving virtual sensing algorithms have been developed
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Figure 1: Comparison of local active noise control (a) at a physaaar and (b) at a virtual sensor.

to generate a virtual microphone capable of tracking a mov-
ing virtual location includinghe remote moving microphone
techniqug(Petersen et al. 2008he adaptive LMS moving vir-
tual microphone techniqu@etersen et al. 2005the Kalman
filtering moving virtual microphone techniqPetersen 2097
andthe Stochastically Optimal Tonal Diffuse Field (SOTDF)
moving virtual sensing methdtoreau et al. 2009aThe per-
formance of these moving virtual microphones has been exper-
imentally investigated in an acoustic duct and at the ear of a
rotating artificial head in a three-dimensional sound field. Re-
sults of real-time experimental control demonstrated that min-
imising the moving virtual error signal achieved greater atten-
uation at the moving virtual location than minimising the error
signal at either a fixed physical or virtual microphone.

In this paper, a fixed three-dimensional virtual acoustic en-
ergy density sensing method is presented for use in a modally
dense three-dimensional sound field. This virtual energy den-
sity method uses a modified version of the remote microphone
technique Roure and Albarrazin 19990 estimate the sound
pressure and the pressure gradient along all three of the orthog-
onal axes at a fixed virtual location. Experimental results of ac-
tive noise control at a three-dimensional virtual energy density
sensor and a virtual microphone are presented to compare the
size of the localised zone of quiet achieved by minimising ei-
ther the acoustic energy density or the squared pressure respec-
tively. Four secondary sources are required in local acoustic en-
ergy density control to independently drive the pressure and the
pressure gradients along the three orthogonal axes to zero. If
only a single secondary source is used per energy density sen-
sor there will be a trade off between the attenuation achieved
at the error sensor location and the size of the localised zone of
quiet.

The purpose of this study is to determine whether fixed virtual
energy density sensors provide an alternative to moving vir-
tual microphones. Moving virtual microphones create a mov-
ing zone of quiet capable of tracking an observer’s ears during
head rotations. As a seated observer moves their head through a
relatively small region of the sound field, the spatially extended
zone of quiet generated at a three-dimensional virtual acoustic
energy density sensor may be large enough to encompass the
path of the observer’s ear. Minimising the acoustic energy den-
sity at a fixed virtual location may therefore be an alternative
to active noise control at a moving virtual microphone.

The performance of one-dimensional virtual acoustic energy
density sensors in local active noise control has been previ-
ously investigated in a free field and a long narrow duct us-
ing the forward difference prediction techniqueeétell et al.
20013 Kestell 2000 Kestell et al. 200020018 and in a pure
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tone diffuse sound field using the SOTDF virtual sensing
method Moreau et al. 2009b In many real would applica-
tions, however, it is likely that the sound field is neither per-
fectly free field nor perfectly diffuse. In this paper, the per-
formance of three-dimensional virtual acoustic energy density
sensors is experimentally investigated in a modally dense three-
dimensional sound field. The experimental results presented
here therefore demonstrate the performance of virtual acoustic
energy density sensors in a sound field that is more likely to be
encountered in practice.

THEORY

The remote energy density technique uses a modified version
of the remote microphone techniquRdure and Albarrazin
1999 to generate a virtual energy density sensor at a spatially
fixed virtual location. The total instantaneous acoustic energy
density at a virtual location is given by

P
2pc2’

3
Eou(n) = 303 () + @

wherem= 1,2,3 corresponds to they andz direction respec-
tively, wm(n) is the total particle velocity at the virtual location
in the mth direction, py(n) is the total sound pressure at the
virtual location,p is the ambient fluid density is the speed

of sound andh is the time step. The remote energy density
technique estimates the acoustic sound pressy(@,), “and
the three components of particle velociwy, (n), %,2(n), and
¥y3(n), at the virtual location. The total acoustic energy den-
sity at the virtual location is then calculated using Eqn the
following description of the remote energy density technique,
estimation of the sound pressumg,(ri), and the generaith
component of particle velocityym(n), at the virtual location

is derived for simplicity. In practice, all three components of
particle velocity,v;1(n), V,2(n), andVyz(n), must be calcu-
lated to obtain an estimate of the three-dimensional acoustic
energy density.

The remote energy density technique calculates the acoustic
pressure py(n), and themth component of particle velocity,
VWm(n), at the virtual location using the acoustic pressure,
pa(n), and themth component of particle velocityam(n),
measured with a physical energy density sensor. The remote
energy density technique requires a preliminary identification
stage in which a second acoustic energy density sensor is tem-
porarily located at the virtual location. During the preliminary
identification stage, the secondary transfer functions between
the L secondary sources and each of the physical and virtual
quantities,pa(n), vam(n), pv(n) andwm(n), are measured as
VeCtorsZsap, Zsavm, Zsyp and Zgsyym respectively. The pri-
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mary transfer functions between the pressure at the physical
and virtual locationsMp, and the particle velocity at the phys-
ical and virtual locationsiy,m, are also estimated during this
preliminary identification stage. The vectors of the secondary
physical transfer function&,sap andZsavm, €ach of length.,

are given by

)
®3)

Where25|ap is the secondary transfer function betweenlthe
secondary source and the pressure at the physical location, and
Zs|a\,m is the secondary transfer function between Itihesec-
ondary source and theth component of the particle velocity

at the physical location. The vectors of the secondary virtual
transfer functionsZsyp andZsyym, €ach of length., are simi-

larly defined as

Zsap: [ Zsla,p 252a7p zsLa,p L

Zsavm: [ Zsla‘vm ZsZaLvm ZsLa.,vm ],

Zowp=| Zavp Zeup (4)
stm:[ Zslv,vm 2'52\/,vm (5)

wherezsm p is the secondary transfer function betweenlthe
secondary source and the pressure at the virtual location, and
Zgyym is the secondary transfer function between litesec-
ondary source and thath component of the particle velocity

at the virtual location.

Zsiwp |,

zsL\z,vm } ’

A block diagram of the remote energy density technique is
given in Fig.2. As shown in Fig2, estimates of the primary
pressure and theth component of the primary particle veloc-
ity, Ppa(n) andvpam(n), at the physical location are first calcu-
lated using

Ppa(n) = pa(n) — Fsa(n) = pa(n) — Zsapus(n), (6)

Vpam(n) = Va,m(n) - Vsa,m(n) = Va,m(n) — Zsa,vmus(n)7 (7
where psa(n) is an estimate of the secondary pressure at the
physical locationysam(n) is an estimate of theith component

of the secondary particle velocity at the physical location, and
the strength of thé secondary sources is given by

us(m) ]T.@®)

Next, estimates of the primary pressure and rfte compo-
nent of the primary particle velocitypy(n) andVpym(n), at
the virtual location are obtained using

us(n) = [ usa(n) us(n)

9)
(10)

Ppv(n) = Mpf’pa(n)7
Ypum(n) = MymTpam(n).

Finally, estimatesp,{n) andvym(n), of the total pressure and
the mth component of the total particle velocity at the virtual
location are calculated as
Bv(n) = Ppv(n) + Psv(n) = Mpf’pa+23\4pus(n)v (11)
Tum(n) = Vpvum(N) + Vsym(n) = Mympam + Zsywmuis(N),
12)

where psy(n) is an estimate of the secondary pressure at the
virtual location andvsym(n) is an estimate of theth compo-
nent of the secondary particle velocity at the virtual location.
The total acoustic energy density at the virtual location is then
calculated using EdL..

EXPERIMENTAL METHOD

The performance of an active noise control system in gener-
ating a localised zone of quiet at a fixed virtual energy den-
sity sensor was investigated in real-time experiments. Active
noise control was also performed at a virtual microphone to
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compare the size of the zone of quiet achieved by minimis-
ing the acoustic energy density and the squared pressure at a
virtual location. In acoustic pressure control, the virtual micro-
phone was generated using the remote microphone technique
(Roure and Albarrazin 1999

Experiments were conducted in the three-dimensional cavity
shown in Fig.3 with dimensions of 1000 mnx 800 mm x

890 mm. In the cavity, an electret microphone was mounted
to the stepper-motor driven traverse to enable accurate micro-
phone positioning and scanning of the sound field. Prior to ac-
tive noise control and after convergence of the controller, the
sound field was scanned over three horizortaplanes sep-
arated by a distance of 20 mm, as shown in Higeach of

the horizontal planes measured 120 mm inxftérection and

100 mm in they direction and contained 143 equally spaced
measurement points. The three horizontal measurement planes
were located at a height af= 0 mm, corresponding to the
height of the sensors and at= £20 mm, corresponding to a
height 20 mm above and below the sensors.

The acoustic energy density sensors used in these experiments
were based on the acoustic vector sensors developed by Lock-
wood and Jone=2006. The energy density sensors consisted
of an omnidirectional microphone (Knowles EK-3132) and
three orthogonally oriented gradient microphones (Knowles
NR-3158) collocated on a thin square metal rod as shown
in Fig. 5. The energy density sensor head comprised of the
four microphones occupied a volume of approximately 2.cm
These energy density sensors directly measure the pressure and
the three orthogonal components of pressure gradient. To cal-
culate the total instantaneous acoustic energy density id,Eq.
each of the three orthogonal components of the particle veloc-
ity need to be calculated from the corresponding orthogonal
components of the pressure gradient. Each of the orthogonal
components of particle velocity are related to the correspond-
ing component of pressure gradient through Euler's equation
(Nelson and Elliott 199pby

Vam(n) = %1 /ga_m(n)dn, (13)

wheregam(n) is themth component of the pressure gradient.
As suggested bRark and Sommerfeld1997), the integration
required in Eq13 can be performed using a digital integrator
such that the velocity estimate is calculated using the following
recursive formula

o) = Vam(n-1) - 25 ep( T2}, aa)

wherefs is the sampling frequency.

The remote energy density sensing technique uses the error sig-
nal from a remotely located energy density sensor to obtain
an estimate of the acoustic energy density at the fixed virtual
location. In experiments, the physical acoustic energy density
sensor was located 50 mm in tRelirection from the virtual
location. The remote energy density technique requires that a
second acoustic energy density sensor be located at the virtual
location during the preliminary identification stage. Once the
preliminary identification stage is complete, the energy density
sensor at the virtual location is removed. In acoustic pressure
control, the physical microphone was similarly located 50 mm
from the virtual location in the direction. To obtain an esti-
mate of the acoustic pressure at the virtual location, the remote
microphone technique also requires a second microphone be
placed at the virtual location during the preliminary identifica-
tion stage. This microphone is removed once the preliminary
identification stage is complete. The acoustic energy density
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Figure 2: Block diagram of the remote energy density sensing techriifedotal acoustic energy density at the virtual location is then

calculated using EdL.

Figure 3: The cavity.

sensors and the microphones were connected to a power sup-
ply and an amplifier. The amplified error signals were then sent
through a 16-bit PCI-DAS1602/16 multifunction analog and
digital 1/0 Board from Measurement Computing, which was
used as a 16-channel AD-converter.

Five 4” loudspeakers were located in the corners of the three-
dimensional cavity, one to generate the tonal primary sound
field and the other four to act as the secondary sources in acous-
tic energy density control. The virtual acoustic energy density
sensor estimates the acoustic sound pressure and the three or-
thogonal components of the pressure gradient at the virtual
location. As these are four independent quantities, four sec-
ondary sources are required to drive the acoustic energy den-
sity to zero. If only a single secondary source is used per en-
ergy density sensor there will be a trade off between the atten-
uation achieved at the error sensor location and the size of the
localised zone of quiet. The loudspeakers were each excited by
control signals which were first passed through a 16-bit PCI-
DDAO08/16 analog output board from Measurement Comput-

100 mm
y =
........ = \
20mm " ® / 20 mm

z M

y

Figure 4: The three horizontal measurement planes. The solid
round marker indicates the position of the virtual sensor while
the cross indicates the position of the physical sensor. The pitch
of the measurement points was 10 mm.

ing. This output board was used as an 8-channel DA-converter
and an amplifier.

The performance of the virtual energy density algorithm was
investigated at the off resonant excitation frequency of 538
Hz. At this frequency, the modal overlap i > 4 illustrat-

ing that the sound field is modally dense, as a modal overlap
of M = 3 defines the boundary between low and high modal
density (Nelson and Elliott, 1992). Off resonance excitation
of a modally dense sound field results in a number of resid-
ual modes contributing to the cavity response and represents
the situation most commonly found in practice. In acoustic
energy density control, the control signal that drives the sec-
ondary loudspeakersig(n), was calculated using a modified
version of the filtered-x LMS algorithm for energy density
sensing Moreau 2019 In acoustic pressure control, only one
secondary source is required to minimise the acoustic pressure
at the virtual location. The control signal that drives the single
secondary loudspeakes(n), was calculated using the filtered-

x LMS algorithm (Nelson and Elliott 1992 In both acoustic
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Figure 5: The acoustic energy density sensor consisting of an
omnidirectional microphone and three orthogonally orientated
pressure gradient microphones collocated on a thin metal rod.

energy density and pressure control, the virtual sensing algo-
rithms and the filtered-x LMS algorithms were implemented
in real-time using xPC TargeMathworks 2007).

RESULTS

Contour plots of the attenuation achieved in acoustic energy
density control and acoustic pressure control at the virtual lo-
cation are shown in Fig$ and7. In these figures, contours
have been plotted at increments of 1 dB and labelled every 10
dB. Additionally, the 10 dB zone of quiet is indicated with a
black dotted line. The attenuation achieved with the two con-
trol schemes over the horizontal planezat 20 mm, corre-
sponding to a height 20 mm above the sensors, is shown in
Figs.6 (a) and7 (a). Figs.6 (b) and7 (b) shows the attenuation
achieved in acoustic energy density and pressure control over
the horizontal plane &= 0 mm, corresponding to the height
of the sensors. In these figures, the virtual sensor location is
indicated by the solid round marker while the cross indicates
the position of the physical sensor. Figgc) and7 (c) shows

the attenuation achieved with the two control schemes over the
horizontal plane at = —20 mm, corresponding to a height 20
mm directly below the sensors.

Fig. 6 shows the control performance in the sound field when
the acoustic energy density is minimised at the virtual location
with four secondary sources. In tke- 0 plane, the location of
maximum attenuation is centered on the virtual location with
24 dB of attenuation being achieved at this position, as shown
in Fig. 6 (b). The 10 dB zone of quiet is approximately oval in
shape with a diameter of 60 mm (00Qin thex direction and

a diameter of 40 mm (0.0§ in they direction. In thez= 20

mm plane, the 10 dB zone of quiet is reduced to a size of ap-
proximately 30 mm irx direction and 35 mm in thgdirection

and the maximum attenuation achieved is 20 dB, as shown in
Fig. 6 (a). Due to the modal distribution of the sound field, the
10 dB zone of quiet and the location of maximum attenuation
have been shifted approximately 10 mm in thandy direc-
tions from thex andy positions of the virtual location, which
has a position ok =0,y =0, z= 0. In the horizontal plane
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20 mm below the plane of the sensors, the 10 dB zone of quiet
extends approximately 30 mm in both thendy directions,

as shown in Fig6 (c). Again the 10 dB zone of quiet and the
location of maximum attenuation have been shifted from the
x andy positions of the virtual location to be a distance of 10
mm away in thex direction and 20 mm away in thedirection.
The maximum level of attenuation generated in the —20

mm plane is 15 dB.

The control performance achieved at the virtual location with
acoustic pressure control is shown in FigComparing Figs6
and?7 shows that increased control performance is achieved in
the sound field when the acoustic energy density is minimised
at the virtual location with four secondary sources compared to
minimising the virtual pressure with a single secondary source.
In the z= 0 plane, virtual pressure control generates a maxi-
mum attenuation of 21 dB at the virtual location and a 10 dB
zone of quiet that extends approximately 60 mm (A.0@ the

x direction and 20 mm (0.08) in they direction, as shown in
Fig. 7 (b). Compared to virtual acoustic energy density control,
this is a 3 dB reduction in the maximum attenuation achieved
at the virtual location. The 10 dB zone of quiet has also been re-
duced by 20 mm in thg direction. In thez= 20 mm plane, vir-
tual acoustic pressure control generates a 10 dB zone of quiet
that extends approximately 15 mm in thdirection and 9 mm

in they direction, as shown in Fig. (a). The maximum attenu-
ation level measured in the= 20 mm plane is 10 dB. In com-
parison to the control performance achieved inzke20 mm
plane with virtual acoustic energy density control, the maxi-
mum level of attenuation is reduced by 10 dB with virtual pres-
sure control. The 10 dB zone of quiet is also reduced in size
by 15 mm in thex direction and 26 mm in thg direction. In
thez= —20 mm plane, minimising the acoustic pressure at the
virtual location generates a maximum attenuation level of 15
dB and a 10 dB zone of quiet that extends 23 mm in both the
x andy directions, as shown in Fi@.(c). While the maximum
level of attenuation is the same in this plane for both control
strategies, acoustic energy density control generates a 10 dB
zone of quiet that extends 7 mm further in both xendy di-
rections. As seen in acoustic energy density control, the 10 dB
zone of quiet generated in acoustic pressure control has also
been shifted slightly in th& andy directions from thec andy
positions of the virtual location in both tlee= 20 mm and the
z=—20 mm planes.

CONCLUSION

In this paper, a fixed virtual acoustic energy density method has
been presented for use in a three-dimensional sound field. The
virtual energy density algorithm creates a spatially extended
zone of quiet at a fixed virtual location using a modified ver-
sion of the remote microphone technique. Real-time experi-
mental results of active noise control in a modally dense three-
dimensional sound field demonstrated that minimising the vir-
tual acoustic energy density with four secondary sources pro-
vides improved attenuation and a larger 10 dB zone of quiet
at the virtual location than virtual microphones and a single
secondary source.

While the zone of quiet generated at the fixed virtual energy
density sensor is noticeably larger than that generated at a vir-
tual microphone, it is still limited in size. Only when the move-
ment of the virtual location is restricted to a very small region
within the sound field would a fixed virtual energy density sen-
sor be a comparable alternative to a moving virtual microphone.
A possible extension to this study could be the development of
a moving virtual acoustic energy density sensor. Although ac-
tive noise control at a moving virtual acoustic energy density
sensor would not provide any significant increase to the level
of attenuation achieved at the virtual location with a moving
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Figure 6: Contour plot of the attenuation in dB achieved in acoustic enengsitst control at the virtual location with four secondary
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virtual microphone, it would allow for much slower tracking
of the adaptive feedforward control algorithm. The spatial vari-
ance of an acoustic energy density cost function is significantly
less than that of squared pressuserfimerfeldt et al. 19950

the control filter coefficients would not need to be updated as
quickly as required in acoustic pressure control.

On a final note, it is also worth considering whether there is
any advantage to using a three-dimensional acoustic energy
density sensor to four closely spaced microphones arranged
to span the three Cartesian axes in active noise control. It
has been shown in previous studies that minimising the one-
dimensional acoustic energy density at a point or the pressures
at two closely spaced locations with two secondary sources re-
sults in the same sized zone of quiet at the sensor locations
(Elliott and Garcia-Bonito 199%Moreau et al. 2009b The ad-
vantage in minimising the acoustic energy density lies with ob-
servability problems that may arise when measuring the acous-
tic pressure at discrete locations. Placing the pressure micro-

phones near the pressure nodes of an acoustic mode means that

the mode cannot be sensed by the active noise control system
and that it may be excited to high amplitudes during control.

This does not occur, however, when sensing the acoustic en-
ergy density as the velocity amplitude is large at a pressure

node and therefore the mode can be sensed by the active noise

control system$ommerfeldt and Nashif 1994
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