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FIG3

speaker is electrically coupled to the microphone via an ANC filter. The method com-
prises measuring phase characteristics of the secondary path in various modes of oper-
ation; determining from the measured phase characteristics a statistical dispersion of
the phase characteristics in the various modes of operation; determining from the stat-
l istical dispersion a minimum phase margin; adjusting the ANC filter to exhibit in any
one of the modes of operation phase characteristics that are equal to or greater than
the minimum phase margin; and adjusting the ANC filter to exhibit in any one of the
modes of operation amplitude characteristics that are equal to or smaller than a max-
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METHOD OF ADJUSTING AN ACTIVE NOISE CANCELLING SYSTEM

BACKGROUND

The invention relates to a method of adjusting an ANC system and, in particular,

to a method of adjusting an ANC system for maximum noise attenuation.

In feedback automatic noise control (ANC) systems, a microphone is acoustical-
ly coupled to a loudspeaker via a secondary path and the loudspeaker is electr-
ically coupled to the microphone via an ANC filter. Feedback ANC systems are
particularly used in arrangements in which the microphone needs to be ar-
ranged relatively close to the loudspeaker as, for instance, in ANC headphones.
Regardless of the particular application, feedback ANC systems are commonly
adjusted according to a (weighted) sensitivity function which is the transfer func-
tion of a signal path between a noise source that generates a disturbing signal
d[n] and the microphone that receives an error signal e[n]. A transfer function is
a mathematical representation, in terms of (temporal) frequency, of the relation
between the input (e.g., the disturbing signal d[n]) and the output (e.g., the error
signal e[n]) of an essentially time-invariant system (e.g., the primary path of an
ANC system).

Feedback ANC systems are often implemented in analog circuitry and/or as
non-adaptive, i.e., fixed filters so that subsequent adaption to different modes of
operation is difficult or even impossible. For instance in headphones, different
users wearing the headphones create different secondary paths and, thus, dif-
ferent modes of operation. Careful adjustment of the filters at the time of the
filter design is, therefore, vital for a satisfactory performance of the ANC system
that is to be operated in different modes of operation. Satisfactory performance

means, e.g., providing a stable control loop with a high noise attenuation in a
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large frequency band. Commonly, minimizing the (weighted) sensitivity function
N(z) is employed to provide higher attenuations. However, the performance

achieved in this way is often considered to be insufficient..

There is a need to provide an improved method of adjusting an ANC system for

maximum noise attenuation.

SUMMARY

A method of adjusting an ANC system is disclosed in which a microphone is
acoustically coupled to a loudspeaker via a secondary path and the loudspeak-
er is electrically coupled to the microphone via an ANC filter. The method com-
prises measuring phase characteristics of the secondary path in various modes
of operation; determining from the measured phase characteristics a statistical
dispersion of the phase characteristics in the various modes of operation; de-
termining from the statistical dispersion a minimum phase margin; adjusting the
ANC filter to exhibit in any one of the modes of operation phase characteristics
that are equal to or greater than the minimum phase margin; and adjusting the
ANC filter to exhibit in any one of the modes of operation amplitude characteris-

tics that are equal to or smaller than a maximum gain margin.

BRIEF DESCRIPTION OF THE DRAWINGS

Various specific embodiments are described in more detail below based on the
exemplary embodiments shown in the figures of the drawing. Unless stated
otherwise, similar or identical components are labeled in all of the figures with
the same reference numbers.

FIG. 1 is a block diagram illustrating the principles of signal processing in a
feedback ANC system.
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FIG. 2 is a schematic diagram of an earphone to which the activé noise reduc-

tion system shown in FIG. 1 may be applied.

FIG. 3 is a flow diagram illustrating an improved method of adjusting an ANC

system.

FIG. 4 is an exemplary table linking phase angles to different users and different

frequencies.

FIG. 5 is a diagram illustrating an exemplary statistical dispersion of the mea-

surements as set forth in the table of FIG. 4.

FIG. 6 is a Nyquist diagram in which the stability margins are defined.
FIG. 7 is a Bode diagram in which the stability margins are defined.
DETAILED DESCRIPTION

Reference is now made to FIG. 1, which is a block diagram illustrating the prin-
ciples of signal processing in a feedback ANC system. In the ANC system of
FIG. 1, an error microphone 1 is acoustically coupled to a loudspeaker 2 via a
secondary path 3 and the loudspeaker 2 is electrically coupled to the micro-
phone 1 via a feedback signal path 4 including a microphone pre-amplifier 5, a
subsequent ANC filter 6 with a transfer function W(z) and a subsequent louds-
peaker driver amplifier 7 whose amplification A7 is adjustable or controllable.
The microphone 1 and the loudspeaker 2 may be arranged in a room 10, e.g.,
the room enclosed by an earphone and a users head. The term "loudspeaker”
as used herein means any type of transducer that converts electrical signals it
receives into acoustic signals that it radiates. Accordingly, the term "micro-
phone" as used herein means any type of transducer that converts acoustic

signals it receives into electrical signals that it provides.
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The microphone 1 receives an acoustic signal that is composed of an acoustic
output signal y(t) and an acoustic disturbance signal d(t). Output signal y(t) is
the output signal of the loudspeaker 2 filtered with a transfer function S(z) of the
secondary path 3 and disturbance signal d(t) is the output signal of a noise
source 8 filtered with a transfer function P(z) of a primary path 9. From this re-
ceived acoustic signal y(t)-d(t), the microphone 1 generates an electrical error
signal e(t) which is amplified by the microphone pre-amplifier 5 and then sup-
plied as amplified error signal e(t) = As e(t) to the subsequent ANC filter 6. For
the sake of simplicity, the amplification As of microphone pre-amplifier 5 is as-
sumed to be equal to 1 in the considerations below so that e'(t) = e(t), but may

have any other appropriate value as required.
The ANC system shown in FIG. 1 can be described by the following differential
equations in the spectral domain based on the various signals in the time do-

main, in which D(z), E(z) and Y(z) are the spectral representations of the sig-

nals d(t), e(t) and y(t) in the time domain.

E(z) = D(2)-Y(2),

Y(2) = E(2)W(2)-S(2).

Thus, the sensitivity function N(z), which is the disturbance signal to error signal

ratio, can be described as:

N(z) = D(z)/E(z) = 1/(1+ W(2)-S(z)) = 1/(1+ HoL(2)),

in which Ho (z) = W(z)-S(z) is the transfer function of the open loop of the feed-
back ANC system.
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The differentiation equation of a complementary sensitivity function T(z), which

is the disturbance signal d(t) to output signal y(t) ratio, is accordingly:
T(z) = D(2)/Y(z) = HoL(z)/(1+ HoL(2)).

When calculating the robust stability of a feedback ANC system, commonly a
so-called H.. or H, norm or a combination of both (H./H>) is used. In the H.
norm, the open loop is optimized with regard to the maximum of the absolute
value of the complementary sensitivity function T(z) so that, taking into account
an uncertainty bound B(z) that addresses fluctuations in the secondary path 3,

the norm H.. does not exceed 1.
max(|T(z)-B(z)[) = ||T(z)B(2)ll-< 1.

In the Hz norm, the following condition is to be complied with:

((12m] (T@)B@)I* IX(z)|dw) ™ = |[T(2)-BE@)||2 [IX(2)|l2 < 1.

As can be seen from the two equations above, the H.. norm relates to the worst
case possible of the H, horm as it is independent of the underlying disturbing
signal in contrast to the H, norm which considers the characteristics of a poten-
tial disturbing signal and which represents the average amplification of the ANC

system.

FIG. 2 illustrates an exemplary earphone with which the active noise reduction
systems shown in FIG. 1 may be used. The earphone may be, together with
another identical earphone, part of a headphone (not shown) and may be
acoustically coupled to a listener's ear 11. In the present example, the ear 11 is
exposed via primary path 9 to the disturbing signal d[n], e.g., ambient noise.

The earphone comprises a cup-like housing 12 with an aperture 13 that may be
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covered by a sound permeable cover, e.g., a grill, a grid or any other sound

permeable structure or material.

The loudspeaker 2 radiates sound to the ear 11 and is arranged at the aperture
13 of the housing 12, both forming an earphone cavity 14. The cavity 14 may be
airtight or vented by any means, e.g., by means of a port, vent, opening, etc.
The microphone 1 is positioned in front of the loudspeaker 2. An acoustic path
15 extends from the loudspeaker 2 to the ear 11 and has a transfer characteris-
tic which is approximated for noise control purposes by the transfer characteris-
tic of the secondary path 3 which extends from the loudspeaker 2 to the micro-
phone 1. In the present exemplary earphone, the room 10 is enclosed by the
housing 12, the front side of loudspeaker 2, a head rest 16 and the user's ear

11 including ear canal 17.

FIG. 3 is a flow diagram illustrating an improved method of adjusting a (feed-
back) ANC system (e.g., the system of FIG. 1) in which a microphone (e.g., mi-
crophone 1) is acoustically coupled to a loudspeaker (e.g., loudspeaker 2) via a
secondary path (e.g., secondary path 3) and the loudspeaker is electrically

coupled to the microphone via an ANC filter (e.g., ANC filter 6).

In the improved method, the phase characteristics of the secondary path (3) are
measured in various modes of operation (step A in FIG. 3). For instance in
headphones, different modes of operation may be established by different users
wearing the headphones users wearing the headphone in different ways there-
by creating different secondary paths. In vehicle cabins, different occupants or a
different number of occupants may create different secondary paths. For a mul-
tiplicity of different modes of operation (e.g., for different users) at least one
measurement is performed and statistically evaluated in view of the phase cha-
racteristics, i.e., phase over frequency. In FIG. 4 an exemplary table linking
phase angles that have been measured for different users, namely users 1 ... p,

and different frequencies f4 ... f is shown. The values in the table have been
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determined by measuring the phase angles of the secondary path for each of
the users 1 ... p at each of the frequencies f; ... ;. If more than one measure-
ment is made per user and frequency, the mean average or any other type of

average may be employed as a single value per user and frequency.

From the measured phase characteristics (phase vs. frequency) a statistical
dispersion of the phase characteristics in the various modes of operation is de-
termined (step B in FIG. 3). Statistical dispersion, also known as statistical va-
riability or variation, is the variability or spread in a variable or a probability dis-
tribution. Common examples of measures of statistical dispersion are the va-
riance, standard deviation and interquartile range. In the present case, such
variability results from measurements (including measurement errors) in differ-
ent modes of operation. An exemplary statistical dispersion of the measured
phase angles @11 ... pq as set forth in the table of FIG. 4 is shown in FIG. 5 in
which for each frequency f;... f; a dispersion of the number of users per phase

angle is furnished.

From the statistical dispersion the minimum phase margin is determined (step C
in FIG. 3). This may be achieved by creating for each of secondary paths (sec-
ondary path per mode of operation) a Bode diagram and by subsequently de-
termining the worst case magnitude characteristic (magnitude over frequency)
and/or the phase characteristic (phase over frequency), e.g., by furnishing a
phase characteristic that includes those phase values which are closest to the

stability limits at 0° and 360° at each of a multiplicity of frequencies.

From the dispersion at the lower stability limit at 360° the phase margins are
determined, e.g., by multiplying each spread of distribution with a constant. The
gain margins may be determined on the basis of the (frequency dependant)
spread of distribution of the magnitude characteristic at each of the multiple fre-
quencies. However, this value may also be used for estimating how much the

gain can be reduced with a given filter design in order to achieve a higher stabil-
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ity or robustness of the filter and in which the gain margin is as small as possi-
ble, e.g., equal to or smaller than 1 dB or 0.5 dB or 0.25 dB.

In order to improve the accuracy of the measurements the microphone 1 may
be arranged in the ear canal 17 as shown in FIG. 2 (denoted as 1'). Further-
more, the amplitude margin or the phase margin or both may be frequency-

independent.

An asymptotically stable feedback system may become marginally stable if the
loop transfer function changes. The gain margin GM (also known as amplitude
margin) and the phase margin PM (radians or degrees @) are stability margins
which in their own ways expresses the size of parameter changes that can be

tolerated before an asymptotically stable system becomes marginally stable.
FIG. 6 shows the stability margins defined in a Nyquist diagram. GM is the (mul-
tiplicative, not additive) increase of the gain that L can tolerate at w4go before
the L curve (in the Nyquist diagram) passes through the critical point w.. Thus,
|L(j(,0180)| -GM =1

which gives

GM = 1/|L(jw1g0)| = 1/|ReL(jw1go)]

The latter expression is thus given because at w+g, the imaginary part ImL(s)

0 so that the amplitude is equal to the absolute value of the real part ReL(s).

If using decibel as the unit like in a Bode diagram, then

GM [dB] = —|L(jw1s0)] [dB]
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The phase margin PM is the phase reduction that the L curve can tolerate at w,

before the L curve passes through the critical point. Thus,

arg L(jwc) - PM =-180°

which gives

PM = 180° + arg L(jwc).

Accordingly, the feedback (closed) system is asymptotically stable if

GM > 0dB =1 and PM > 0°.

This criterion is often denoted the Bode-Nyquist stability criterion. Thus, the
closed loop system is marginally stable if the Nyquist curve (of L) goes through

the critical point, which is the point (=1, 0) in the Nyquist diagram.

In a Bode diagram, the critical point has phase (angle) —180° and amplitude 1 =
0dB. The critical point therefore constitutes two lines in a Bode diagram: The
0dB line in the amplitude diagram and the =180° line in the phase diagram. FIG.
7 shows typical

L curves for an asymptotically stable closed loop system.

Commonly used ranges of the stability margins are

2=6dB <GM =<4 =12dB and 30° = PM = 60°.

The larger values, the better stability, but at the same time the system becomes

more sluggish, dynamically. If the stability margins are used as design criterias,

the following values commonly apply:
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GM =z 2.5 = 8dB and PM = 45°

However, the present ANC filter 6 is adjusted (designed) such that it exhibits in
any one of the modes of operation phase characteristics that are equal to or
greater than the minimum phase margin PM determined in step C (step D in
FIG. 3), which may be 40° or 30° or even below 30°.

The ANC filter 6 is also adjusted (designed) to exhibit in any one of the modes
of operation amplitude characteristics that are equal to or smaller than a maxi-

mum amplitude margin (step E in FIG. 3).

Per definition the stability margins express the robustness of the feedback con-
trol system against certain parameter changes in the loop transfer function. The
gain margin GM is how much the loop gain K can increase before the system
becomes unstable. The phase margin PM is how much the phase lag function

of the loop can be reduced before the loop becomes unstable.

The gain margin GM may be determined, in a similar manner as the phase
margin PM, from the statistical dispersion. Alternatively, the gain margin GM
may be kept as small as possible so that the system is close to marginal stabili-
ty or even instability. Also a (small) fixed maximum gain margin GM, e.g., GM <
1dB or 0.5dB or even 0.25dB, may be used. The desired robustness is then
achieved by reducing the loop gain K by a value that is determined from the

statistical dispersion. , ,

Adjusting (designing) of the ANC filter is accomplished by accordingly designing
or adjusting the transfer function W(z) of the ANC filter 6 so that all the require-
ments outlined above are met. It is to be noted that the order of the steps (A to
E) and the steps per se may be changed. Also the number of steps may be in-

creased or decreased as the case may be.
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Although various examples of realizing the invention have been disclosed, it will
be apparent to those skilled in the art that various changes and modifications
can be made which will achieve some of the advantages of the invention with-
out departing from the spirit and scope of the invention. It will be obvious to
those reasonably skilled in the art that other steps and measures performing the
same functions may be suitably substituted. In particular, the order of the steps
and the steps per se may be changed. Such modifications to the inventive con-

cept are intended to be covered by the appended claims.
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CLAIMS:

1. A method of adjusting an ANC system in which a microphone is acousti-
cally coupled to a loudspeaker via a secondary path and the loudspeaker is
electrically coupled to the microphone via an ANC filter; the method comprises:

measuring phase characteristics of the secondary path in various modes
of operation;

determining from the measured phase characteristics a statistical disper-
sion of the phase characteristics in the various modes of operation;

determining from the statistical dispersion a minimum phase margin; and

adjusting the ANC filter to exhibit in any one of the modes of operation
phase characteristics that are equal to or greater than the minimum phase mar-
gin, and

adjusting the ANC filter to exhibit in any one of the modes of operation
amplitude characteristics that are equal to or smaller than a maximum gain

margin.

2. The method of claim 1, in which the maximum gain margin is determined

from the statistical dispersion.

3. The method of claim 1, in which the maximum gain margin is kept so

small that the system is close to marginal stability or instability.

4 The method of claim 3, in which the maximum gain margin is equal to or
smaller than 1dB or 0.5dB or 0.25dB.

5. The method of claim 3 or 4, in which the system has a loop gain that is

reduced by a value that is determined from the statistical dispersion.

6. The method of one of claims 1-5, in which the amplitude margin or the

phase margin or both are frequency-independent.
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13
7. The method of one of claims 1-6, in which the microphone may be ar-
ranged in the ear canal.
8. The method of one of claims 1-7, in which determining from the meas-

ured phase characteristics a statistical dispersion of the phase characteristics in
the various modes of operation includes determining a worst case magnitude

characteristic and/or a worst case phase characteristic.

9. The method of claim 8, in which the phase characteristic includes those
phase values which are closest to the stability limits at 0° and 360° at each of a

multiplicity of frequencies.

10.  The method of claim 8 or 9, in which the phase margins are determined

from the dispersion at the lower stability limit at 360°.

11.  The method of one of claims 6-10, in which the phase margins are de-

termined by multiplying each spread of distribution with a constant.

12.  The method of one of claims 1-11, in which the gain margins are deter-
mined on the basis of the spread of distribution of the magnitude characteristic

at each of a multiplicity of frequencies.
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