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1. INTRODUCTION

Active nolse cancellation, using anti-sources which are properly dephased with
respect to the original noise source, is a relatively new and promlsaing nolse
reduction technique. Much has been published on the theoretical background of
the method, but little is known about real life applications,

The tople of this paper is a feasability study, using an experimental approach,
Some of the principles of active noise cancellation will be highlighted, using
siople point source configurations in combination with a simplified acoustieal
radiation model.

The major part of the paper deals with the application of active nolse
cangellation prineciple on plate-like structures, in ducts and as an alternative
earprotection, using headphones. The noise cancellation efficlency has been
studied on loudspeaker sonfigurations.

2, PRINCIPLES OF ACTIVE NQISE CANCELLATION
2.1. Acoustical interaction in a dipole configuration,

It 13 a well known phenomenon that two or more sound sources, when put togsether
will interfere, creating zones of amplification and zones of extinection. If
the sources are close together, they will not only interfere, but also
interact, yielding a decrease of the total radiated sound power. Such
phenomenon is often referred to as an acoustical short circuit. A mathematical
approach to caracterise this loss of radiated power is only possible for point
source configurationa, with a finite strength and infinite dimensions.

Consider for example a dipole, which is the superposition of twe point sources
as illustrated in figure 1, The caracteristics of this configuration are :

= 2h : the separating distance between both monopoles

- B : the phasedifference between the monapoles

= @ and Q; : The source strengtha

- W : the pulsation of the vibration

= k ¢ the wavenumber , k=27 /X
The dipole configuration generates a soundpressure- and particle velocity
field, whioh is the superposition of the fields from both individual sources,
After integration of the normal component of the real part of the acoustio
intensity over a sphere around the dipole, the total radiated power can be
calculated : N
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If one compares the dipole power to the power radiated by a single point source
of strength Q one gets the following ratlo :

in 2 k h
WG om 1B e20 S s @

This power ratio is function of the product of the wavenumber k and the
separating distance h, and theoretically the power radiated by two identical
point sources can be reduced to zero if they are 180° out of phase. Although
point sources do not exist in reality, one can derive useful concluslons for
real 1ife applications from this point source representation,

2.2. Sipulation of active socund cancellation using a radiation model.

To evaluate the applicability and the limits of active nolse cancellation
methods on more complex source configurationa, one can use numerical radiatlon
models. Such models which prediet the sound field for glven boundary
conditions 4o exist in a wide varilety. Within the framewall of this study a
model based on the Helmholtzintegral (ref. 1) has been applied to analyse the
potentials of the cancellation technique in reducing the noise generated by
vibrating structures {structure-born nolse).

In a first example the radiation model 1s .used to calculate the acoustic
intensity pattern generated by a dipole configuration. At a separation
distance between the two sources of 10 e@ and & frequency of 200 Hz, the
optimal source strength ratlo is given by Q, =0.91. The pronounced short
circuit can be clearly observed in the calculated intensity patterns (fig. 2).
The real intensity shows the energy flux from the source to the sink, while the
ratic between imaginary and real intensity is an indicator for the reactivity
of the near field. There 13 only a marginally small acoustic energyflux
escaping from the center of the configuration. The total sound power reduction
is B dB, with respect to the power radliated by a single source.

A more realistic example of these simulation techniques ia givem in flgure 3,
The velocity patterns of an aluminum plate (535x340x13 mm} measured for a
resonance frequency (first bending mode) has been used as input for the
radiation model. The resulting intensity pattern parallel to the plate gives
an indication about the optimal position of the antl-sources. These
anti-sources can be simulated by adding additional sources with appropriate
phasing to the original vibrating surface. The total reduction in radiated
power which could be observed by adding one antl-source is, according to this
simulation 15 dB., Those and other results confirmed that the cancellation
principle is wvalid for structure born noise, and justifies that its success
will depend on the implementation efficiency.

In a future phase the radiation model will be a integrated in an optimalisation
technique for active noise cancellation, by using the model in an iterative
way, changing the functional parameters to obtaln a maximun nolse reductlon.

3. FEASABILITY STUDY ON LOUDSPEAKERS

To confirm the findings of the simulation analysis and to gain more practical
experlience with and insight in the nolse cancellation, it was decided to apply
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the technique first to loudspeaker conflgurations. Loudspeakers have the
advantage that thelr output is well defined and easy to control, which makes
them easy sources to experiment with,

The principle of the feasabllity study was to conslder one loudspeaker as being
the eriginal source and to reduce its radiated sound power with one or more
loudspeakers a3 anti-sources.

Two loudspeaker configurations (side by side, face to face) have bean compared,
As expected, the face to face configuration was the most efficient, By driving
the loudspeakers with a aine wave, a o¢lear cancellation at the basie frequency
was ylelded (25 dB at sn optimal phase shift of 180° ), At higher order
harmonics which were caused by unavoidable loudspeaker distortions, an
amplification could be observed, since for those frequencies the ratio
separation distance to wavelength was too high, This fact can not be negleoted
when selecting anti-source loudspeakers.

One has to realise that, when using the face to face configuratlion, a part of
the reduction of the radlated sound is due to passive absorption, caused by the
presence of the second loudspeaker 1n the radiation field of the primary
source, By measurements 1t was shown that at 400 Hz ( the optimal frequenoy
for a separation diatance of 0.06 m } the passive absorptlon amounts 3.4 dB and
the active attenuation 20 d4B.

To visualize the cangellation mechanism, the nearfield intensity pattern of the
loudspeakers has been measured, uaing a 3-D intensity measurement probe mounted
on a positioning robot {ref. 3}, Some typleal real intensity patterns for
loudapeaker oconfigurations are represented in figure 4, These patterns
indicate why the nolse cangellation for the side by slde configuration is leas
effective; the two extremities of the loudspeakers do not influence eachother,
and radiate to the far fleld. In the face to face configuration this is much
less pronounced,

The tesats on loudspeaker configurations illustrate the [easability of the
active noise cancellation technique, For a maximal noise cancellation the
following can be stated :

- the separation distance between source and anti-source has to be minimal

= the escaping sound energy flux must be minimelised, face to face or ring

conflgurations ylield better results than side by side

- the cancellation 13 more effective at lower frequencies

- the source strength ratic is function of frequency and conflguration

-~ the phage-shift between sources has to be 180 °

4. ACTIVE ROISE CANCELLATION ON PLATELIKE STRUCTURES

When applying the active c¢ancellation technique to structure born noise the
following problema need to be solved : what aignal should be used to feed the
anti-source, how should it be conditioned, what should be the dimenaion, the
position and the strength of the antli-source. Sinoe structure born nolae is
often generated by platelike structures, it was decided to limit the
feagabllity study in this initial stage to plates, uith the use of loudspeakers
as anti-sources.
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The anti-source must be driven with a signal, opposite to the sound generated
by the plate vibrations. It is therefore necessary to monitor the sound or the
structural vibrations close to the position of the anti-source, and use this
signal after conditloning as input for the anti-source, However, uslng the
sound pressure as input signal 1is precarious since a closed loop is created
{loudpeaker - microphone - loudspeaker)} which becomes easlly unatable, It was
therefore decided to use the plate velocity, as input for the anti-source.
Hereby one assumes that the vibrating behaviour of the plate is not influenced
by the pressure generated by the anti-source.

The number of anti-sources and their optimal position is function of the
structural vibration pattern, The antl-sources will have an optimal effect on
the noise radiation in areas with a maximal sound energy flux to the rar rfield,
where the largest real intensities are measzured,

As expected the cancellatlion using one loudspeaker as antl-source wWas the most
effective for the first resonance frequency which correaponds to the first
bending mode., This mode i3 at the same time characterised by a relatively high
radiation efficiency and a fairly simple deformation pattern, so that a
econsiderabla sound power reduction ocould be obtalned by positioning one
loudspeaker above the center of the plate where the largest energy flux oaccurs.

With the use of 3-D intensity measurements a qualltative view on the active
noise cancellation was obtained (fig. 5). The real flux from the loudspeaker
to the plate shows the acoustical short circuit between both, which is
confirmed by the imaginary pattern (ref, 8). It is however remarkable that
the radiation from the side-flaps of the plate 13 inaoreasing when the
anti-source 1is driven, The artificlal short circuit disturbs the normal,
natural short eircults. Hhen meaaurlng the radiated sound power and comparing
it with the initial power, the following values are obtalned :

Init, P _ after canc, P
basic frequency : 238 Hz 85.4 4B 76.0 dB - 9,4 48
first harmonis : 476 Hz 62.5 dB 72.8 dB + 10,3 a8
second harmonic : 714 Hz 48.9 dB 54.7 dB - 5.8 dB

As for the two loudspeaker configurations, the loudspeaker acting a3
anti-source generates higher order harmoniocs, ylelding at those frequenclies an
increase in sound power., It 13 therefore essentlal that one uses only high
quality loudspeakers with a low harmonic to fundamental ratlo as anti-scurce,

With the same configuration the reduction of radiated sound pover was not ao
spectacular for the second, double bending mode of the Al-plate, with only 4.6
dB reduction on the basic freguency of 629 Hz. This modest result is due to
the ocomplexity of the vibrating wmode, and the need for more than one
loudspeaker to efficiently cancel out the radiated power, which 1s the subject
of our current research,

5. ATTENUATION OF NOISE IN A VENTILATION DUCT

An analytical evaluation of active nolse cancellation 1n ducta 1s rather
cumbersome, due to the unknown impedancea up=- and downstream the
anti-source{s). Therefore the experimental approach seems appropriate. All
tests are performed on a wooden, rectangular duct (0.15 x 0,15 m; 3 m length).
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For the firat configurations the original source used 1s a simple loudspeaker.
This offers the possibllity of evaluating the desired filter caracteristic
between the original source and the control signal of the antl-source, Ona
would expect thios caracteristic to be a pure time.delay for all frequencles.
This 13 confirmed by the transfert function measured between the sound pressure
at the primary sourc¢ and at the anti-source (anti-source non active).(fig. &)

Momentaneously the phase shift and amplification are controlled manually, but
an automatic, computer controlled system, based on a pure time-delayer will be
avallable in the near future. This will enable adaptive control, minimising
the sound pressure at the end of the duct. The system could alse be the basis
for a digltal programmsble filter. : :

A first serles of experiments was conduoted wusing the same signal to control
the primary and secondary source {with & proper amplification and phase shift
for the latter). For this configuration a reduction in radiated acund up to 17
dB was be measured at the end of the duot for all frequencies from 100 to 1000
Hz. To analyse the cancellation mechanism acoustic intensity measurements were
performed inside the duct, along its length axis. The reaulting diagram is
plotted in figure 7, and shows clearly the cancellation. At the poaition of
the secondary source the reduction in sound energy flux (represented by the
real intensity pattern) 1s remarkable, Since the evaluated frequency is far
below the cut-off frequency of the duct, only axial sound power flow is
present, The qualitative evolution of real and imaginary part of the intensity
in the duct confirma the theoretical derivations found 1n litterarture (ref.4).

In a second series of experiments a microphone has been used to control the
anti-source. The nlerophone was positionned close to the primary source. The
major problem 1in this configuration was the occuranse of insatabilities. The
system microphone - filter - se¢ondary scurce ylelds a closed loop, making the
whole conflguration unstable. This problem can be solved using
loop-astabilising filters, Another approach is the acoustlcal separation of the
detection microphone and the anti-source, This was applied with a dirsctional
microphone 1Iin combination with a directional anti-source. The first {s
commonly avallable on the market, while the directional scurce was realised
using two loudspeakers with a proper dephasement (fig. 8). An attenuation of
15 dB was obtained for most frequencies between 100 and 1000 Hz. ‘

During a third experiment a ventilator was used as primary source. The apeotra
before and after cancellation are shown in figure 9. No instabilities ocoured.

6. ACTIVE NOISE CANCELLATION AT THE EAR

Unlike both previous cases (cancellation in ducts and on plates), the aotive
nocise ocanoellation at the human ear does not attenuate the radiated asound
power, but 1s only reducing the sound presaure locally (at the oar) based on
interference betwsen the original sound waves and the antl-source signal, In
order to yleld lccal interference patterns at the sar, the anti-sources must be
positionned as close as possible to the ear, Conventional headphones fulfill
this condition. The antl-sources are driven by properly oonditionned
wicrophone signals originating from two additional wicrophones mounted as glose
as powslible to the headphona loudspeakers.
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This basic principle implies an uniform phase-shift as necessary filter
caracteristic between the original noise at the car and the anti-source signal.
This 13 confirmed by measurements, as 13 1llustrated in figure 10, where the
tranafert funotion between microphone and loudspeaker is given, .

For slngle-frequency nolse the measuered 1influence of ' phase-shift and
anti-source strength 13 shown in fig. 11. It 1s interesting to remark the
phase-shift of 180 ° for optimal c¢ancellation. Both phase-shift and
amplification are rather critical, but are stable over a large frequency range.

A phase-shift of 180 ®* can be easily obtained for all frequencies by a simple
reverse of polarity in the electrical oircuit. Such a aystem is off course the
most simple and the less expansive. With the use of a cheep, open type
headphone and plain electret milorophones a very light, pleasant and economie
gystem i3 bulld. The performance for white noise is shown in figure 12. The
poor performance below 400 Hz i3 due to an additional phase-shift caused by the
headphone loudspeakers, This will probably improve with loudspeakers of a
higher performance, The distance between source and observer as well a3 the
orientation of the head showed very little influence.

With optimal signaleconditioning the performanca on single frequency noise is
caertainly better (fig.13).

Compared to other personal ear protection tachniques this system has the
advantage that the earphones are light and that it allows the superpoaition of
music or communication signals on top of the anti-source signal, Digital
signal processing will undoubtly allow higher performance since it enables
various filter ocaracteristica, but for applications on headphones such a system
is to our opinion too cemplex and expensive.

7. CONCLUSIONS

Based on theoretical oonsiderations on point sources and on the simulation with
a numerlical radiation model the validity of the cancellation technique was
proven. The optimal phase-shift and separation distance as well as the amount
of cancelled sound power wera experimentally confirmed using loudspeakers.,

Active nolse cancellation on real-life platelike structures has more
limitations and requires a combined use of several antl=sources,
-

The major problem when applying the active nolse cancellation in ducts is the
instability of the aystem, This instabllity can be reduced when using
directional miorophones and sources. Such a system ylelded good results, with
attenuations up to 17 dB for single frequencies. A pure time-delay filter will
allow broad-band attenuation,

Another succesfull application of the active oancellation technique ﬁas the
realisation of an effective, economical personal earprotection asystem, using
light, open headphones and simple electret microphones,

For all applications the attenuation can be improved using digital filters,
When thesa are programmable, adaptive systems will yield even better results.
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