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Active noise-reducing~ANR! headsets are available commercially in applications varying from
aviation communication to consumer audio. Current ANR systems use passive attenuation at high
frequencies and loudspeaker-based active noise control at low frequencies to achieve broadband
noise reduction. This paper presents a novel ANR headset in which the external noise transmitted to
the user’s ear via earshell vibration is reduced by controlling the vibration of the earshell using force
actuators acting against an inertial mass or the earshell headband. Model-based theoretical analysis
using velocity feedback control showed that current piezoelectric actuators provide sufficient force
but require lower stiffness for improved low-frequency performance. Control simulations based on
experimental data from a laboratory headset showed that good performance can potentially be
achieved in practice by a robust feedback controller, while a single-frequency real-time control
experiment verified that noise reduction can be achieved using earshell vibration control. ©2002
Acoustical Society of America.@DOI: 10.1121/1.1504469#

PACS numbers: 43.50.Ki, 43.50.Hg, 43.66.Vt@MRS#
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I. INTRODUCTION

Active noise-reducing~ANR! headsets are used to pr
tect the ear from overexposure to noise, in situations wh
the passive circumaural headset does not provide, by it
sufficient reduction in the noise level. Active attenuatio
usually dominant at low frequencies, is complemented
passive attenuation at high frequencies to produce impro
overall noise reduction performance. ANR headsets
widely used in aviation and military communication and
noisy industrial environments, and are one of the most co
mercially successful applications of the active noise con
technology.

ANR headsets which employ a loudspeaker and a
crophone inside the earshell connected via an analog f
back controller were studied in the 50’s by Meeker, Hawl
and Simshauser.1–3 Wheeler4 studied the design of ANR
headset for aviation communication, while Bai and Lee5 pro-
posed the use of modern controller design techniques for
ANR system. Recent studies proposed the use of digital
tems to improve performance.6–8 The ANR headsets de
scribed above and those currently used in commercial ap
cations employ active attenuation by using a loudspeake
produce the antinoise at the low frequencies, therefore re
ing the noise level at the user’s ear. Current active head
could benefit from further improvements, particularly wh
operating in severe environments, by increasing sound
tenuation and by improving mechanical robustness.

This paper proposes a novel approach to ANR heads9

which can be applied as an alternative or as a compleme
conventional systems, and which has the potential for
proving both performance and mechanical robustn
through the use of vibration transducers. Instead of gene

a!Electronic mail: br@isvr.soton.ac.uk
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ing sound inside the headset earshell using a loudspeake
noise level at the ear is reduced by attenuating the vibra
transmission through the shell, using vibration actuators.
vibration actuator is attached to the earshell and produc
force that opposes the force imposed by the external no
therefore reducing earshell vibration. An accelerome
mounted on the earshell can be used as a control senso
relatively low frequencies where the coupled response of
earshell and acoustic cavity could be modeled to be equ
lent to that of a lumped mass~the earshell! connected to two
lumped springs~the headset cushion and the air in t
cavity!,10 the proposed control approach can be regarded
typical active vibration isolation problem as described
Fuller et al.11 in Chap. 7.2. At higher frequencies, where t
sound transmission is controlled by the coupling of t
earshell modes with the cavity modes, the proposed con
approach should be regarded as a special case of active s
tural acoustic control~ASAC! as presented by Fulleret al.11

in Chap. 9.
This paper presents a theoretical analysis of the n

ANR headset, supplemented by simulations and an exp
mental study using a laboratory ANR headset system.

II. HEADSET SYSTEM MODELING

This section presents a model-based theoretical ana
of the ANR headsets studied in this paper. The models
later used to study performance with velocity feedback c
trol. Since the ANR headsets described in this paper are
signed around a passive noise-reducing headset,10 this sec-
tion starts with a brief description of a passive heads
followed by modeling of an active headset which uses id
secondary force, and more practical secondary forces ge
ated by force actuators. The first actuator is connected
tween the earshell and an inertial mass, and is therefore
1471471/11/$19.00 © 2002 Acoustical Society of America
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FIG. 1. ~a! Schematic diagram of the headset syste
and ~b! an equivalent impedance block diagram.
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ferred to as an inertial actuator, and the second actuato
mounted between the earshell and the headband, and
ferred to as a headband force actuator.

Lumped-element models previously used by Shaw
Thiessen10 provide a simple representation of the underlyi
systems’ dynamics, and are used here to analyze the c
bined passive–active headset systems. The model prov
good approximation of system performance at the lo
frequency range, where the acoustic wavelength is la
than the earshell dimensions.

It should be noted that the simplified physical model
employed here to study potential performance and the s
ability and limitations of the actuator, and provides an insig
to the behavior of the system. It is not suggested as a m
from which a practical controller could be designed. T
measured headset response is used for the latter, as pres
in Sec. IV.

A. Passive headset

The sound transmission in noise-reducing headsets
been found to be similar to the vibration transmission in
mass–spring–damper system.10 Figure 1~a! shows an ideal-
ized headset earshell consisting of a rigid earshell of m
Ms , sealed by a cushion of stiffnessKs and dampingRs to a
rigid surface representing the head. The earshell is allowe
move only in the plane perpendicular to the surface, and
external noise, represented by the sound pressureP0 , is
transmitted into the earshell inner volume through
1472 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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earshell movements, assuming no leaks exist in the sea
of the earshell to the head. The earshell is assumed to be
in place by a headband, which has a massMh , stiffnessKh ,
and dampingRh . The mechanical impedance diagram sho
in Fig. 1~b! was developed to represent the headset syste10

with F0 denoting the external force applied by the extern
acoustic pressureP0 over the external earshell areaS0 , and
F1 denoting the force applied inside the earshell volume
the inner pressureP1 , with S1 the area enclosed by the cus
ion. In the case of the passive headset described here,
assumed that the secondary forceFa in Fig. 1 is zero. From
the diagram in Fig. 1~b!, an expression for the sound tran
missionP1 /P0 can be calculated as

P1

P0
5

S0

S1

Zv

Zv1Z

5
S0

S1

Kv

Kv1Ks1Kh1 j v~Rs1Rh!2v2~Ms1Mh!
,

~1!

whereKv5rc2S1
2/V is the stiffness of the air volumeV en-

closed by the earshell, which is interacting with the earsh
mass over the areaS1 , andr and c are the air density and
speed of sound, respectively. Equation~1! describes the
transmission of a second order system with a resonance
quency at
Rafaely et al.: Novel active headset



r

th
a
io
n

b
e
th
fo
m

is
hi
l
T

-

th

r
y

on
g
il
on

is

ed
ue
r-
s

f
h

ies
rtial
-
, as
a-
e
rtial

r it-
on-
ass.
his
ere

ary

f

is
and

t the

ting
the
ibed
s-

al
ver-
ort
-
ad-
ss

r

ase
n of
v05AKS1Kv1Kh

MS1Mh
. ~2!

At frequencies below the resonance, the transmission
duces to

P1

P0
5

S0

S1

Kv

Kv1Ks1Kh
, ~3!

and the transmission magnitude is controlled solely by
stiffness of the headband, cushion, and the volume of
inside the earshell. Larger internal volume and larger cush
and headband stiffness will increase the noise attenuatio
the lower frequencies.

B. Active headset with ideal secondary force

The vibration of the headset earshell can be reduced
introducing a secondary force which opposes the force g
erated by the external sound field. This will then reduce
sound developed inside the earshell volume, and there
the sound preceived by the user. In this section it is assu
that a secondary force can be applied to the earshell, in
‘‘ideal’’, way, where the dynamics of potential actuators
not taken into account. The latter is introduced later in t
section. The forceFa in Fig. 1~a! represents an ideal contro
force, acting between the earshell and the rigid surface.
sound pressure inside the earshell volume,P1 , can be ex-
pressed using Fig. 1~b! as the superposition of the contribu
tions of the two sources

P15AP01BFa , ~4!

whereA andB are given by

A5
S0

S1

Zv

Zv1Z
, B52

1

S1

Zv

Zv1Z
. ~5!

The optimal arrangement for completely canceling
sound transmission can be calculated from Eqs.~4! and ~5!
by settingP1 to zero, which produces an optimal seconda
force of Fa5P0S0 . This can be implemented in practice b
feeding the signal from an external reference microph
measuringP0 , to the input of a control actuator generatin
Fa , in a feedforward control arrangement. The latter w
provide good broadband performance if the delay of the c
troller is sufficiently small.12 Although this approach could
potentially provide a control solution, it is not studied in th
work, but suggested for future study.

The control approach considered in this paper is fe
back control, where velocity feedback is initially studied d
to its simplicity and potential to provide both good perfo
mance and stability when used to actively increa
damping.11 Using the earshell velocityu to feed Fa , such
that Fa52gu, where g is a gain constant with units o
Ns/m, and writingu asF1 /Zv , the sound transmission wit
velocity feedback can be written using Eq.~4! as

P1

P0
5

A

11
gS1

Zv
B

. ~6!
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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C. Active headset with inertial force actuator

An inertial actuator can be modeled at low frequenc
by a lumped mass–spring system, composed of the ine
massMa and the stiffnessKa of the force actuator. The in
ertial actuator, when mounted on the earshell system
shown in Fig. 2~a!, becomes what is known as a tuned vibr
tion neutralizer,13 and is most effective in reducing th
earshell vibration at the resonance frequency of the ine
actuator system,va5AKa /Ma. It should be noted thatMa

denotes the inertial mass, while the mass of the actuato
self, including casing and transduction elements, are not c
sidered separately but can be lumped into the earshell m
Figure 2~b! shows the impedance diagram developed for t
system. Assuming velocity feedback control is applied h
as described above, Eq.~6! also applies here, andA and B
can be found by superposition of the primary and second
sources as

A5
S0

S1

Zv

Z1Zv1ZKaiZMa
,

~7!

B52
1

S1

ZMai~Z1Zv!

ZKa1ZMai~Z1Zv!

Zv

Z1Zv
,

where the notationZ1iZ2 denotes a parallel connection o
impedances, calculated asZ1Z2 /(Z11Z2).

D. Active headset with force actuator attached to the
headband

An alternative to the inertial actuator described above
to mount the force actuator between the earshell mass
the headband, allowing the force actuator to react agains
headband rather than the inertial mass,Ma . The latter is
assumed to be removed from the actuator before moun
and is not used in this configuration, while the mass of
actuator itself is lumped into the earshell mass as descr
above. The advantage of this configuration, which is illu
trated in Fig. 3~a!, is that it does not require the addition
mass used by the inertial actuator, which increases the o
all weight of the headset, therefore compromising comf
and imposing a phase shift,14 therefore potentially compro
mising control performance. In this arrangement, the he
band impedance,Zh , composed of the headband stiffne
Kh , mass Mh , and dampingRh , is separated from the
earshell impedanceZs due to the mounting of the actuato
between the heaband and the earshell. Figure 3~b! shows the
impedance diagram for this arrangement. Similar to the c
of the inertial actuator presented above, the transmissio
sound through the earshell can be calculated from Eq.~6!,
with A andB given by

A5
S0

S1

Zv

Zs1Zv1ZKaiZh
,

~8!

B52
1

S1

Zhi~Zs1Zv!

ZKa1Zhi~Zs1Zv!

Zv

Zs1Zv
.

1473Rafaely et al.: Novel active headset
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FIG. 2. ~a! Schematic diagram of the active heads
system with an inertial force actuator, and~b! an
equivalent impedance block diagram.
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III. VELOCITY FEEDBACK CONTROL SIMULATIONS
USING HEADSET MODELS

The models developed above for the active headset
used in this section to simulate noise reduction performa
and the force and displacement requirements from the ac
tor in the various configurations. Velocity feedback contro
studied due to its simplicity and since it has shown to p
duce good performance with large stability margins in ot
applications by increasing the system damping.11 This sec-
tion starts by verifying the model of a commercial pass
noise-reducing headset at the low frequencies, and
simulating control performance for the various active head
configurations.

A. The passive noise-reducing headset

The control simulations in this section use the head
model presented above, with the parameters taken fro
commercial light-weight passive noise-reducing head
manufactured by JSP, model KMO7236. Most of the head
parameters have been estimated from measurements,
some parameters, such as the damping of the earshell c
ion, have been estimated by fitting the attenuation curve
manufacturer’s data. The parameters and their values
listed in Table I. Figure 4 presents the passive transmis
of sound through the headset, or passive attenuation, as
culated using Eq.~1! compared to manufacturer’s dat
1474 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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showing good agreement at the lower frequencies. Si
high-frequency acoustical and mechanical system dynam
were not included in the model, the attenuation is not p
dicted accurately at the high-frequency range. Neverthel
the simplified model provides an insight into the behavior
the system and can be used to analyze performance a
low frequencies, which is normally the frequency range
interest for active control.

B. Control with ideal secondary force

Figure 5~a! shows a plot of the transmissionP1 /P0 for
the passive system described in Fig. 1~a! and calculated us-
ing Eq. ~1! and Table I, and for the active system with v
locity feedback control and an ideal secondary force cal
lated using Eq.~6!. The effect of velocity feedback is to
increase the damping of the system, and indeed the ac
attenuation is increased mostly around the resonance
quency of the passive system. Figure 5~b! shows the Nyquist
diagram for the open-loop system with velocity feedba
control, with the gain parameterg set to22900. The curve is
completely in the positive-real quadrants, which gives t
type of feedback control the advantage of large stabi
margins.11 In practice, however, actuators must be used
produce the secondary force, and so control simulations w
the two actuator configurations are presented next.
Rafaely et al.: Novel active headset
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FIG. 3. ~a! Schematic diagram of the active heads
system with a force actuator fitted between the earsh
and the headband, and~b! an equivalent impedance
block diagram.
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C. Control with inertial force actuator

Control simulations with an inertial force actuator a
tached to the earshell are presented in this section. Fi
6~a! shows simulations of the sound transmission for
original passive system calculated using Eq.~1!; the active
system with no control, calculated using Eqs.~6! and~7! and
g50; and the active system with control, calculated us
Eqs.~6! and ~7! andg52305. The parameters for the ine
tial force actuator are presented in Table II, which represe
a PCB 712A02 force actuator. This force actuator was c
sen since it is mechanically robust, can produce relativ
large forces, and is designed to work in the low-frequen
range, i.e., 150 to 500 Hz according to its specificatio

TABLE I. JSP KMO7236 headset parameters.

Parameter Value Description

Ms 77 g Earshell mass
Ks 7•104 N/m Cushion stiffness
Rs 90 Ns/m Cushion damping
Mh 8 g Headband effective mas
Kh 50 N/m Headband stiffness
Rh 5 Ns/m Headband damping
V 180 cc Earshell cavity volume
S0 79 cm2 Outer earshell area
S1 25 cm2 Inner earshell area
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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The effect of mounting the inertial actuator is to provid
additional attenuation around its resonance frequency,
250 Hz, with an increase in transmission above the re
nance frequency. The resonance frequency of the ears
around 100 Hz is also decreased due to the added ine
mass of 150g.

FIG. 4. Passive attenuation of the headset as simulated using Eq.~1! com-
pared to manufacturer’s data.
1475Rafaely et al.: Novel active headset
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Once control is applied, the transmission is attenua
above the actuator resonance frequency, and slightly
hanced at the earshell resonance frequency. The latter ca
explained by Fig. 6~b!, which shows the Nyquist plot for the
inertial actuator system. Although the curve is mostly on
right-hand side and therefore provides good stability, it ha
small negative real part corresponding to the low-freque
enhancement. An inertial actuator with a lower resona
frequency will produce attenuation at a lower frequen
range, with amplification at an even lower frequency, wh
will be more useful in practice. Such an actuator, howev
will require large inertial mass and low stiffness, making
less attractive in practice.

The analysis presented here showed that the dynamic
the actuator system could impose a limit on performance
stability is to be maintained.

D. Control with a headband force actuator

The sound transmission of the active headset with
force actuator attached between the earshell and the h

FIG. 5. ~a! Theoretical comparison of sound transmission between the
sive headset and an active system with an ideal secondary force, and~b! the
corresponding Nyquist diagram of the open-loop response of the active
tem.
1476 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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band is simulated in this section. Figure 7~a! shows the simu-
lated sound transmission for the passive system; the ac
system with no control, calculated using Eqs.~6! and~8! and
g50; and the active system with control, calculated us
Eqs.~6! and~8! andg521600. As above, the parameters f
the headset and actuator are presented in Tables I and II.
mounting of the actuator has a small effect on the sou
transmission, while the highest active attenuation is obser
above the mounted resonance frequency, which is aroun
kHz. Figure 7~b! shows that stability margins in this case a
larger compared to the inertial actuator configuration in F

s-

s-

FIG. 6. ~a! Theoretical comparison of sound transmission between the
sive headset and an active system with an inertial actuator, and~b! the
corresponding Nyquist diagram of the open-loop response of the active
tem.

TABLE II. PCB 712A02 force actuator parameters.

Parameter Value Description

Ma 150 g Actuator inertial mass
Ka 3.7•105 N/m Actuator stiffness
f 0a

250 Hz Resonance frequency
Fcl 6.7 N Clamped force~peak!
Xf r 6.5 mm Free displacement~peak!
Rafaely et al.: Novel active headset
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6~b!. Nevertheless, an actuator with a smaller stiffness w
be required to produce attenuation at a lower freque
range to better complement the passive attenuation.

E. Control forces and actuator displacement

The simulation presented above showed that an actu
with lower stiffness is required if active attenuation is to
achieved at the low-frequency range, i.e., below 1 kH
Other important actuator parameters are the force and
placement required to cancel the primary disturbance. Th
are evaluated here using simulations with a primary noise
100 dB SPL. Assuming the pressure inside the earshell in
~4! is completely canceled, the corresponding optimal c
trol force is given by

Faopt
52

AP0

B
. ~9!

Figure 8~a! shows the optimal control force for the thre
control configurations of an ideal source, inertial actua

FIG. 7. ~a! Theoretical comparison of sound transmission between the
sive headset and the active system with the actuator fitted between
earshell and the headband, and~b! the corresponding Nyquist diagram of th
open-loop response of the active system.
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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and headband actuator. A constant force is required in
ideal source case, while a higher force is required from
actuators at low frequencies in the other two configuratio
due to the relatively low impedance of the supporting iner
mass and headband. Lower forces are required around
mounted actuator resonance frequencies.

The optimal force cancels the primary disturbance a
therefore reduces the displacement of the earshell to z
The ‘‘actuator’’ displacement, or stroke, in the ideal sour
case is therefore zero. The actuator stroke in the inertial
tuator configuration can therefore be calculated by setting
velocity u to zero in Fig. 2~b!, as

Xaopt
52

1

j v

Faopt

ZMa
1ZKa

, ~10!

and for the headband actuator using Fig. 3~b! as

s-
the

FIG. 8. ~a! Force required to completely cancel 100-dB SPL noise, w
three secondary source configurations: ideal, inertial actuator, and head
actuator, and~b! actuator displacement, or stroke, required to complet
cancel 100-dB SPL noise, with two secondary source configuration: ine
actuator, and headband actuator. Note that displacement is zero for the
source case.
1477Rafaely et al.: Novel active headset
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Figure 8~b! shows that the stroke required from the a
tuators is highest around the mounted resonance frequen

The next simulation is used to investigate whether
force and stroke required to cancel 100-dB SPL noise
calculated above, can be produced by the PCB actuator
scribed in Table II. The relation between the maximum fo
produced by the actuator for a given displacement is
sumed to behave linearly,15 and is calculated from the
clamped force and free displacement provided in Table
This is then compared to the actual force and stroke requ
as calculated above. Figure 9 shows the maximum force
actuator displacement, or stroke, provided by the PCB ac
tor compared to the required values. Some frequency va
of the force and displacement pairs are also denoted. At m
of the working frequency range the required force and d
placement are within the actuator limits, except at very l
frequencies, where the force required is slightly higher th
the force available, for both actuator configurations. Also
the resonance frequency of the inertial actuator system,
displacement required is slightly higher than the actua
limit. Overall, at most of the working range, the PCB actu
tor considered can provide the required force and strok
cancel an external noise of 100 dB SPL.

If the level of the surrounding primary noise is high
than 100 dB SPL, e.g., near very noisy machines or engi
the limitation imposed by this actuator might comprom
performance. In this case an improved actuator is requi
The design of such an actuator is suggested for future w

IV. ROBUST CONTROL SIMULATIONS USING
MEASURED DATA

A simulation study using data measured on a laborat
active headset system was performed to investigate the
tential performance of the active headset in practice. F
measurements were obtained from the laboratory ac

FIG. 9. The maximum force and actuator displacement, or stroke, prov
by the actuator, compared to force and stroke required to cancel ext
noise of 100 dB SPL in the two actuator configurations.
1478 J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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headset. Then, the measured data were used to design a
troller and simulate its performance and robustness.
setup, and measurement and simulation results are prese
in this section.

A. Setup

A laboratory active headset has been constructed
control simulations have been performed using data m
sured from the laboratory headset. The experimental ac
headset included a passive JSP noise-reducing hea
mounted on a wooden block with dimensions of an aver
human head. One electret microphone was mounted in
the earshell, and one outside. A PCB type 712A02 piezoe
tric force actuator was mounted on the earshell in the t
configurations, i.e., as an inertial actuator with an iner
mass of 150 g, and between the headband and earshe
illustrated in Figs. 2~a! and 3~a!, and was driven by an AVL
power amplifier model 790. A Bruel & Kjaer acceleromet
type 4375 connected to a charge amplifier type 2635 w
mounted on the earshell, colocated with the actuator,
measured earshell velocity. The measurements were reco
using an Advantest R9211C FFT analyzer, and used in
control simulations. A photo of the headset with the PC
actuator mounted between the earshell and the headba
shown in Fig. 10.

B. Control with inertial force actuator

The performance of the active headset system with
inertial actuator was investigated in this section using sim
lations with data measured on the laboratory system.
acoustic transmission between the external and internal
crophones denoted byA was measured by introducing broa
band noise through an external loudspeaker. The resp
between the voltage input to the force actuator’s ampli
and the velocity output measured by the acceleromet
charge amplifier, denoted byH, was also measured. Then,
feedback controller with a frequency responseC was de-
signed to control the plantH, as described below. It is as
sumed that the reduction in the earshell vibration due to
control, denoted by 1/(11CH), is proportional to the reduc
tion in the sound transmission, and so the latter with act
control can be calculated by

d
al

FIG. 10. A photo of the active headset with the PCB actuator moun
between the earshell and the headband.
Rafaely et al.: Novel active headset
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P1

P0
5

A

11CH
. ~12!

Initial control simulation employed a constant velocit
feedback control filterC. The performance of the activ
headset was very poor due to high-frequency dynamics
the active headset system, which generated negative-rea
ues in the Nyquist open-loop response. The model-ba
simulations in Sec. III, which showed good performance
ing velocity feedback, didn’t include the system’s hig
frequency acoustic and structural dynamics, and so w
these were included in the measured headset response
constant gain controller provided poor performance if it w
to maintain stability. A feedback controller was therefore d
signed using an internal model control~IMC!
configuration,16 with a finite impulse response~FIR! control
filter with 256 coefficients, and a sampling rate of 20 kH
The controller was designed to minimize the mean-squ
vibration signal at the control frequency range, but was m
robust for multiplicative uncertainties of 100%,17,18 which
guaranteed stability for any deviation smaller than 6 dB
the plant response from the measured response used i
design.

It should be noted that the aim of the study in this s
tion is to show potential performance with a feedback con
filter, and so other feedback controller design methods co
have been used~e.g., H` control19!. Also, the plant uncer-
tainty value of 100% was introduced to provide some robu
ness in the design. It is clear that a more comprehen
study of the system’s response and its variability are requ
for the design of a controller that is to be implemented
practice. This is, however, suggested for future work.

Figure 11~a! shows the sound transmission through t
earshell for the inertial actuator configuration as simula
from the measured data, before and after the control forc
applied. The notch at around 250 Hz is due to the moun
of the actuator system acting as a tuned neutralizer. The
trol filter was designed to provide best attenuation at
frequency range of 250–600 Hz, therefore attenuating
resonance of the mounted system. An attenuation of up to
dB is achieved in the control frequency range, showing
tential for good performance in practice. A slight increase
the sound transmission is observed at the low frequenc
which is in line with the results predicted in the model-bas
simulations presented in Fig. 6~a!. It should be noted that the
curve denoted ‘‘Active OFF’’ in Fig. 11~a!, which represents
passive transmission, is different from the curve deno
‘‘Data’’ in Fig. 4, which also represents passive attenuati
in two aspects. First, the former includes the effect of
mounted actuator, and second, the latter was taken f
manufacturer’s data, while the former was measured on
laboratory headset system used in this work. These two
tors contributed to the dissimilarity between the two pass
transmission curves.

Figure 11~b! shows the Nyquist plot of the open-loo
responseCH for the measured plantH and the feedback
controller C designed above. The controller maintains re
sonable margins from the instability point~21,0!, while
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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achieving an open-loop gain of about 10 on the positive-r
quadrant.

C. Control with headband force actuator

A laboratory headset system with the actuator plac
between the headband and the earshell was constructe
described above, and performance was investigated thro
control simulations from measured data. As for the iner
actuator configuration, velocity feedback control produc
poor performance due to high-frequency dynamics, and s
control filterC was designed as described above with a c
trol bandwidth that includes the frequencies below 800 H
Figure 12~a! show the sound transmission simulated fro
measured data before and after control. Attenuation of u
10 dB is achieved in this broadband control bandwidth. N
that the sound transmission at low frequencies is higher t
expected, which can be explained by imperfect sealing of
headset in the experimental setup. Figure 12~b! presents the
Nyquist plot of the open-loop response, showing that go

FIG. 11. ~a! Sound transmission simulated from measured data for the
ertial control actuator configuration, and~b! the corresponding Nyquist dia
gram of the open-loop response of the active system.
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stability margins are achieved with a maximum open-lo
gain of about 5. The results presented here also show po
tial for useful performance in practice.

It should be noted that the potential delay of a digi
controller originating from the sampling process and
low-pass filters was not considered in the performance an
sis in this work. The predicted performance may therefore
achieved by a digital system with a high sampling rate a
therefore small delay, or an analog system with a sim
frequency response. Although the design of such broadb
real-time controllers is suggested for future work, a sing
frequency real-time control system was designed and im
mented, and is presented below.

V. REAL-TIME CONTROL EXPERIMENT

A real-time control experiment was performed in whi
single-frequency tonal noise was attenuated by the labora
headset system with the actuator attached to the headba
digital controller was designed which implemented a fin
impulse response~FIR! control filter having 128 coefficients
adapted using the LMS algorithm,20 and an FIR plant mode

FIG. 12. ~a! Sound transmission simulated from measured data for the h
band control actuator configuration, and~b! the corresponding Nyquist dia
gram of the open-loop response of the active system.
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of the same length. Both filters were part of an IM
controller21 operating at a sampling frequency of 5 kHz.
system identification routine based on the LMS algorithm20

was initiated first to calculate the value of the plant mod
filter, after which the primary source was turned on, and
control filter adapted to minimize the mean-squared sen
signal. Once the control filter converged, the level of t
signal at the sensor was measured and compared to its
before control, giving the attenuation due to the active c
trol system.

Due to the relatively large delay of the adaptive syste
based on a Texas Instruments TMS320C54x DSP kit,
performance was limited to narrow-band or tonal dist
bances. For this reason the broadband controllers design
Sec. IV could not be successfully implemented in real tim
using the current DSP system, and so performance was s
ied using single-frequency tones, and an LMS-based ad
tive control system, which is well suited to control such d
turbance. Nevertheless, the real-time experiment prese
below showed that indeed active control can be perform
using force actuators mounted on the headset earshell as
gested in this paper. The experiment also provides an in
esting comparison of performance when the sensing tra
ducer is either an accelerometer or a microphone.

An experimental setup similar to that described in S
IV was used in the real-time control experiment. In additio
the output of the DSP controller was connected to the ac
tor amplifier, while the input of the DSP controller was co
nected to the output of the sensor, which was either the
celerometer or the microphone inside the earshell.
loudspeaker positioned near the headset setup was us
generate the primary excitation.

Figure 13~the two solid curves! shows the attenuation a
the tonal excitation frequencies as measured by the acc
ometer, mounted opposite the force acuator, in a coloca
manner, and the microphone. In this case the accelerom

d-

FIG. 13. Single frequency attenuation in the real-time control experim
when the accelerometer was used for both control and attenuation mea
ment ~Acc/Acc!; when the accelerometer was used for control but the
crophone used for the attenuation measurement~Acc/Mic!; and when the
microphone was used for both control and attenuation measurement~Mic/
Mic!.
Rafaely et al.: Novel active headset
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was used as the control sensor, such that the control fi
attempted to minimize the mean-square error of the acce
ometer signal. Although large attenuation is achieved at
control sensor, an attenuation of more than 10 dB at
microphone is only achieved at the low frequencies, and
fact at high frequencies the noise is actually amplified.

This behavior can be explained by the fact that althou
the vibration of the earshell is reduced at the accelerom
location, other parts of the earshell could still vibrate
exciting higher-order modes, specially at high frequenc
therefore radiating sound into the earshell inner volume. A
other contributing factor for this behavior could be transm
sion paths other than via earshell vibration, such as acou
leaks, which are not eliminated by reducing headset vib
tion.

A second experiment was performed, this time with t
microphone as the control sensor. As can be seen from
13 ~dashed curve!, high attenuation is achieved at a wid
frequency range. In this case the controller is attempting
minimize the microphone signal directly, and so rather th
reducing the earshell vibration, the actuator forces
earshell to vibrate in such a way that minimizes the sou
level inside the earshell, therefore overcoming the poten
problems when minimizing the vibration signal as discus
above.

The results presented here suggest that a microph
can be more useful as a control sensor since it measure
sound inside the earshel directly. Measuring the sound i
rectly, using an accelerometer mounted on the earshell
sults in reduction in the earshell vibration, but due to hig
frequency dynamics and leaks, this reduction might
produce as significant a reduction in the sound. The mic
phone control sensor could therefore provide a more att
tive alternative for a practical active headset system.

VI. CONCLUSIONS

This paper presented a novel approach to ANR heads
which employ earshell vibration control to attenuate t
noise inside the earshell volume. The theory of the new
proach, supported by simulations and an experimental st
suggested that good performance can potentially be achi
in practice.

Two actuator configurations were studied, i.e., an iner
force actuator and a force actuator placed between
earshell and the headband. Model-based simulations h
lighted the requirement for a reduced stiffness from the
tuator, and provided actuator’s force and stroke requ
ments, while simulations from data measured on a labora
headset system showed that good performance could po
tially be achieved.

The configuration with a force actuator placed betwe
the headband and the earshell is preferred since it doe
require an inertial mass which will increase system wei
and compromise comfort. Furthermore, the piezoelectric
tuator considered here requires high-input voltage, wh
might be difficult to obtain in a commercial active headse

Another important issue is the effect of leaks caused
an imperfect seal of the headset to the head and the effe
high-frequency system dynamics. The use of a microph
J. Acoust. Soc. Am., Vol. 112, No. 4, October 2002
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rather than an accelerometer which will detect noise gen
ated by both vibration transmission and sound leak paths
shown to be preferable, through a single-frequency real-t
control experiment.

The study and design of more suitable actuators
their implementation in an active noise-reducing headset
proposed for future research. The subjective effect of no
reduction through earshell vibration should also be inve
gated as sound might be perceived via bone conduction.
other important issue is the mechanical coupling between
and right headset systems via the headband, for exam
which should be investigated and be taken into accoun
found significant.
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