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Abstract ANR (Active Noise Reduction) Headsets are hearing pratactievices
which cancel disturbing acoustical noise by an out-of-pteagtinoise. To generate
antinoise, commercial ANR Headsets typically use a norptdafeedback con-
troller. In academic research, the use of adaptive coptih active noise reduction
has been increasingly investigated during the last twodkscdn some approaches
the combination of non-adaptive and adaptive control egiats is proposed. The
non-adaptive controller guarantees a minimal steady-statse attenuation in a
bounded frequency range, whereas the adaptive contrelli@ble to adapt its be-
haviour to changing conditions, and hence to augment theatbveise reduction.
Even though combination strategies of non-adaptive angtagacontrollers per-
form well in academic research, no commercial ANR headssedan this ap-
proach is yet on the market. One major reason for this fabeisiigh computational
complexity linked to the adaptive algorithms used. In trapgr, a computationally
effective combination of non-adaptive and adaptive cdietr®is proposed. The im-
plemented algorithm results in a similar noise reductiorfggmance as existing
approaches while limiting the computational effort. Theeleped algorithm is im-
plemented on a DSP platform and the noise reduction is véiifieonjunction with

a prototype headset.
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1 Introduction

Nowadays, commercial active noise reduction headsetdlysise either feedback
control or feedforward control strategies to actively atige noise in a headset'’s
ear cups [1]. In supra-aural headsets where the ear is nlasexlchy the ear cups,
feedforward control is applicable. In case of circum-almehdsets, the feedback
control strategy is more suitable. Recently, adaptiverobistrategies are increas-
ingly being proposed in ANC applications. However, the catafional complexity
linked with adaptive control algorithms is a burden to deathwhen developing
commercial headsets. Thus, most products use exclusieeladaptive feedback
control techniques to attenuate disturbing noise. In tsetl@o decades the pro-
cessing power of commercial digital signal processors gremensely and thus
researchers developed more complex adaptive active noigeottechniques and
combined them with non-adaptive controllers. Differeriraches are published to
combine non-adaptive feedback with adaptive feedforwardrollers. Concerning
the feedback controller, in many applications the intematiel control technique
(IMC) is used as to provide attenuation at low frequencigs E2en though this
approach produces promising results under laboratoryitonsl, the attenuation
is limited in realistic surroundings. In contrast to the IN@proach, the standard
feedback controller combined with an adaptive feedforwadtroller [3], results
in better attenuation performance under realistic coowliti However, this combi-
nation strategy still suffers from high computational decha

In this paper we suggest a combination of a continuous tineauaptive feed-
back controller combined with a discrete time adaptive feeard controller. The
continuous time feedback controller of this combinatioatstgy permits to reduce
computational complexity. A further advantage of this camation method lies in
less dead time of the continuous time control loop. In case diEcrete time feed-
back controller the dead time is introduced by the sampledasocessing as well
as the latency linked to the data conversion. Since the die@daroduces a consid-
erable phase lag of the open loop control system, in less titeadesults a larger
stability margin. The proposed control strategy is implatad on a digital signal
processor platform. A commercial headset, the PXC 450 ohlSeirer electronic,
provided the acoustical platform for the new prototype.

2 Problem Statement

Three interlinked critical issues are identified in conjiimre with discrete time feed-
back controllers: Controller stability, noise attenuaterformance and computa-
tional complexity.

Obtaining significant noise attenuation in conjunctionhwigduced computational
complexity is the ultimate objective in active noise cohtiiche following section
describes advantages of the continuous time feedbackot@putproach compared
to a discrete time feedback implementation and highligheséstrictions regarding
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controller design by maintaining the stability of the clds®ntrol loop.

For convenience, in the following sections the term cordirsitime controller is
replaced by analogue controller and in case of a discrete tiomtroller the term
digital controller is used.

2.1 Digital Feedback Control Versus Analogue Feedback Control

The standard closed loop block diagram of a feedback noistea@ystem is shown
in figure 1. Related to the depicted control structure, tedliack controlleR(z) has
to be designed in terms of minimizing the residual esr) and thus minimizing
the disturbing noisé(n). To find a capable controller, several redesigns of the con-
troller are necessary. Accordingly, due to its flexibilitye use of digital feedback
controllers is better suited during the development phase.

Usually, the controller design is based on a plant m&{#8)l of the secondary path.
Because the plant is subject to only minor changes, it cars®enaed to be nearly
constant. This constant plant enables the design of a stabladaptive feedback
controller. In case the non-adaptive controller is implatad digitally, the closed
loop control suffers from increased dead time. One compiookthe introduced
dead time results from time delay of A/D and D/A-conversidagrther dead time
is induced due to the calculation time that is needed to coenee controllers out-
put.

Even a larger dead time than the calculation time is causesblme digital plat-
forms. This larger dead time occurs when signals are o@pustrictly at the end of
the sample interval, while input signals are picked up abtginning. In this case,
a fixed dead time which is linked to the length of the sampleriral is added to the
plant. Figure 2 illustrates the above problematic by opmpain analogue plant with

Fig. 1 The block diagram

of the standard closed loop
feedback noise controller is
shown.S(z) is the transfer
function of the plant. The
control loudspeaker which is
located inside the ear cup, is
involved in the plant model.

The plant is also called sec- d(n)

ondary path in active noise Controller yi ) (n)
control. ysp(n) denotes the » R(z) I > S(z) —>
actuating variable of the -

feedback controller and(n)
represents the disturbing
noise.
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Fig. 2 Bode plot of two
different plants. The plant -150
which contains exclusively

of analogue components

shows less phase lag than the g
secondary path containing —200}
digital components. Thus,
regarding feedback controller
design, the analogue plant
guarantees better stability
margins.
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a digital plant. Obviously, the phase lag increases wherpliet involves digital
components. The larger phase lag results in a smaller phasgmof the closed
loop control system. Consequently, a worse attenuatiofoqmeance of the digital
implemented feedback controller is measured.

A further crucial issue related to digital feedback conénd is the limited computa-
tional performance of digital signal processors. Usuailyaddition to the feedback
controller other computations have to be accomplishedsihicase the signal pro-
cessor operates at full capacity, no further computatioe ts available for feedback
controller. This is especially a problem when the contraliea high-order system.
All the above mentioned problems related to digital cotgrslcan be avoided by
using an analogue instead of a digital feedback controller.

2.2 Advantages of Analogue Feedback Controllersin Combination
with Adaptive Feedforward Controllers

In order to achieve broadband noise attenuation, somercdsearks suggest active
ANR systems in which different control strategies are camadi One approach is
to combine a non-adaptive feedback controller with an adajf¢edforward con-
troller. In the framework of such an ANR system, the non-gistedeedback con-
troller often is implemented digitally which causes sel/disadvantages compared
to an analogue realisation. In the following, the advargagjen analogue feedback
controller in combined with an adaptive feedforward colteraare discussed.

As mentioned in section 2.1, analogue closed control loaffersless from dead
time than digital closed control loops. Because of this,rgdaphase margin and
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hence a better stability is achieved with an analogue imeigation. The larger

phase margin can be used to enhance control performance r&dilts in better

noise attenuation of the closed control loop. Thus, bettenaation discharges the
adaptive feedforward controller in the corresponding diestey range.

In case of digital adaptive feedforward controllers, thegeissing power to adapt
the controller's parameters is limited. Discharging thegesssor by the analogue
feedback implementation makes it feasible to use digitadadiprocessors with less
processing power. Alternatively, the released processavger can be used to re-
alise an adaptive feedforward controller with more filteefficients.

The issues mentioned above motivate the implementation ehalogue feedback
controller combined with a digital adaptive feedforwardseocontroller.

3 Combination of non-Adaptive Feedback with Adaptive
Feedforward Control

By exclusively using a feedback controller, an active naisetrol system is ob-
tained, that is especially able to attenuate low frequenayponents of the disturb-
ing noise spectrum [5]. Higher frequencies are not affedies to the phase shift
introduced by the dead time of the secondary path. Unlikdlfaek controllers,
feedforward control systems do not suffer from dead timetand are able to at-
tenuate disturbances of higher frequency. Therefore rakaetive noise control
systems are developed, which link the feedback controllaaéeedforward control
approach to accomplish attenuation in a wider frequencye§2],[3],[4].

3.1 Analogue Feedback Controller Design

Before the combination of the analogue feedback contraliérthe digital adaptive
feedforward controller is discussed, some consideratbfesedback controller de-
sign are stated in this paragraph.

Under steady-state conditions, the primary naige) is transmitted to the error
microphone via the plant which can be modeled as

E(2 1
D(z7 1+S(2)R(2)

1)

In order to minimize the error sign&n), a feedback controlleR(z) has to be
designed that maximizes the term $(z)R(z). Additionally, the controller design of
R(z) needs to be accomplished to guarantee robust stabilityeldre, it is essential
to maximize the gain 0§(z)R(z) at low frequencies, while the phase shift has to be
within the interval

—180 < ¢ < 180 (2)
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In consideration of the stability condition, a plant witltieasing dead time directly
results in less controller gain and thus less noise attemupg].

3.2 Combined Control Strategy for Broadband Active Noise
Control

As already mentioned, the feedback controller guarantese rattenuation in the
lower frequency domain. In contrast, the feedforward adrdirategy permits to at-
tenuate noise of higher frequencies. Hence, a combinedatsiriategy is suggested
which provides broadband noise attenuation.

The simplified block diagram of the combined ANR system issilfated in figure 3.
As the figure shows, the adaptive feedforward controlleinieeld to a subordinated
standard feedback control loop [3]. The resulting actgpt@riabley(n) is the sum
composed of the actuating variable of the feedforward odletrand the actuating
variable of the subordinated feedback controller. It habe@mphasised, that the
feedback controller is only realised with analogue comptsmeHence, the digital
output of the feedforward controller has to be D/A-converpeior to the combina-
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Fig. 3 Simplified ANR system consisting of a digital adaptive feedfodveontroller linked to
a subordinated non-adaptive analogue feedforward coatrdlthile the upper part illustrates the
acoustical scheme, the lower part shows the block diagram obifteat structure.
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tion with the analogue output of the feedback control loop.

To guarantee stability, the feedforward controller is dest as a FIR-filter. The
adaption of this filter is accomplished by the well known éfiéd-x Least Mean
Square (FXLMS) algorithm [6],[5]. The adaption equatiombtain the updated pa-
rameter vectow(n + 1) is given by:

w(n+1) = w(n)+p-e(n)-x'(n)
w(n) : Parameter vector
X'(n) : Filtered reference
e(n) : Current error sample
U : Adaption step 3)

In this update equations’(n) represents a time series vector of the filtered refer-
ence signal. To obtair’(n), the reference signai(n) is filtered with the transfer
function§(z) [3]. This transfer function models the system behaviouwken the
feedforward outpuy; ¢ (n) and the error signai(n). $(z) can be expressed as:

~ E@ 2
S@=3.2 " 1+s2RrR?

(4)

The proposed combined control strategy results in a moreiexifi algorithm re-
lated to the computational effort as well as significant eagenuation performance
while maintaining robust stability.

4 Performance of the Combined ANR System

The presented combined ANR system is realised in conjumetith a headset based
on the Sennheiser series product PXC 450, which alreadgrates an analogue
feedback controller. In combination with the adaptive feedard controller, this
integrated feedback controller is used.

The digital adaptive feedforward controller is implemehts aShar ¢ digital sig-
nal processor with a 32 bit floating point unit. Figure 4 omsothe attenuation
results of the analogue feedback controller to the combANER system with a
feedforward filter implementing 140 coefficients. As thetdlibing signal, a pink
noise with a bandwidth of approximately 2500Hz is used. disth be noticed, that
in real applications the disturbing noise mostly is narrandh Since, the feedfor-
ward controller is able to adapt to those signals, this tesolbetter attenuation
performance compared to broadband noise excitation.

To verify the noise attenuation, a self constructed aréfidummy head with an ear
simulator is used. The results presented in figure 4 wereaettiunder conditions
reproducing average ear cup leakage.



8 Eduard Reithmeier, Jens Graf and Hatem Foudhaili

10 T T
= = = Analogue feedback control :
S|| e Feedback-feedforward system h

Active attenuation [dB]

-35 i i

10" 10 10°

Frequency [Hz]

Fig. 4 Both curves represent a relative measurement between the passiveation and the active
attenuation performance of the according ANR system. Zero dBtef@ation denotes that only
passive attenuation of the headset’s ear cup is available.a&ted line shows the noise attenuation
at the dummy head’s ear-microphone if only the analogue feé&dtmadroller operates while the
solid line represents the attenuation performance of the cadiNR system .

5 Conclusion

In active noise control, digital feedback controllers uusuffer from dead time.
An additional problem in conjunction with a digital implentation results from
the computational effort. In case the DSP platform opertdefsill capacity this
is always a problem. On account of the computational effenvall as the plant’s
dead time, an analogue feedback controller instead of tatlffigedback controller is
used. The analogue feedback control loop is combined wittdaptive feedforward
controller to accomplish broadband noise attenuation.
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