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ABSTRACT

This paper concerns acoustic feedback neutralization
(FBN) during online operation of single-channel active
noise control (ANC) systems. In existing approach, two
FIR filters are used for this task: adaptive for feedback
path modeling (FBPM) and fixed for FBN. Previously,
we have proposed a simplified method where these two
tasks of modeling and neutralization have been com-
bined into one feedback path modeling and neutraliza-
tion (FBPMN) adaptive filter. Here we introduce an
intuition based based variable step-size (VSS) param-
eter, for LMS equation of FBPMN filter. This VSS is
motivated from the fact that the error signal of FBPMN
filter contains a disturbance component that is decreas-
ing in nature. The computer simulations are carried out
which demonstrate that the proposed method achieves
better performance than the existing methods and at
somewhat reduced computational cost.

1. INTRODUCTION

A block diagram of a single channel feedforward active
noise control (ANC) systems [1] is shown in Fig. 1,
where components above and below the dashed line are
in acoustic and electronic domain, respectively. Here
P(z) is the primary path between the noise source and
the error microphone, S(z) is the secondary path be-
tween canceling loudspeaker and error microphone, F'(2)
is the feedback path from canceling loudspeaker to the
reference microphone, and filtered-x LMS (FxLMS) al-
gorithm [2,3] is used to adapt the ANC adaptive filter
W (z). The ANC system uses the reference microphone
to pick up the reference noise x(n), processes this input
with an adaptive filter to generate an antinoise y(n) to
cancel primary noise acoustically in the duct, and uses
an error microphone to measure the error e(n) and to
update the adaptive filter coefficients. Unfortunately,
a loudspeaker on a duct wall will generate plane waves
propagating both upstream and downstream. There-
fore, the antinoise output to the loudspeaker not only
cancels noise downstream, but also radiates upstream to
the reference microphone, resulting in a corrupted refer-
ence signal z(n). This coupling of acoustic waves from
secondary loudspeaker to the reference microphone is
called acoustic feedback.

Consider Fig. 1, and assuming that the feedback

neutralization (FBN) filter F(z) is not present, the error
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Figure 1: Block diagram of single-channel ANC system
with fixed feedback neutralization.

signal z-transform is expressed as

E(z) = P(2)R(z)—S(»)Y(z)
- P(Z)R(Z)S(z)%. (1)

The convergence of W(z) means (ideally) E(z) = 0.

This requires W (z) to converge to the following solution:
P(z)

S(z)+ P(2)F(z2)

We(z) = (2)

This simple analysis shows that due to acoustic feedback
the ANC system will be unstable, if the coefficients of
W (z) are large enough so that W(z)F(z) = 1 at some
frequency. Furthermore, the W (z) may not converge to
the optimal solution P(z)/S(z).

The simplest approach to solving the feedback prob-
lem is to use a separate FBN filter with in the con-
troller, as shown in Fig. 1. This electrical model of the
feedback path is driven by the secondary source con-
trol signal, y(n), and its output is subtracted from the

reference sensor signal. The FBN filter, F(z), may be
obtained offline prior to the operation of ANC system
when the reference noise r(n) does not exist. In many
practical cases, however, r(n) always exists, and F(z)
may be time varying. For these cases, online model-
ing of F(z) is needed to ensure the convergence of the
FxLMS algorithm for ANC systems.

Broadly speaking there are two types of signal pro-
cessing methods for adaptive feedback neutralization: 1)
ITR-filter based methods, and 2) FIR-filter based meth-
ods. In ITR based structures [4-10], the stability cannot
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Figure 2: Kuo’s method with signal discrimination filter
for online FBPM in single-channel ANC systems [13].

be guaranteed, the adaptation may converge to a lo-
cal minimum, and performance is degraded in the pres-
ence of strong acoustic feedback. Consequently, only
the FIR-based methods are examined further in this pa-
per. A detailed review of existing FIR-filter-based meth-
ods [11-13] for online FBPM can be found in [14]. In the
existing approaches [13,14], two FIR filters are used for
adaptive feedback neutralization: adaptive for feedback
path modeling (FBPM) and fixed (with weights being
copied from adaptive one) for FBN. In [15], we have pro-
posed a simplified method where these two tasks of mod-
eling and neutralization have been combined into one
FIR adaptive filter F(z). Here we modify this method
by incorporating a variable step-size (VSS) in LMS al-
gorithm for adapting F(z). The step size is varied in
accordance with the disturbance-component in the er-
ror signal of ﬁ'(z) It is observed that the error signal
is corrupted by a disturbance signal, which is initially
very large and converges to (ideally) zero. Hence a small
step size is used initially, and later its value is increased
accordingly. Computer simulation demonstrate the im-
proved performance of the proposed method, which is
achieved at a little increased computational cost as com-
pared with the previous method [15].

The rest of the paper is organized as follows: Section
2 gives a brief overview of Authors’ previous work [14,15]
in comparison with the Kuo’s method [13]. Section 3 de-
scribes the proposed method, where an intuition based
time-varying step-size is introduced in the adaptation of
FBPM filter. Section 4 details the computer simulations
and Section 5 gives the concluding remarks.

2. OVERVIEW OF PREVIOUS METHODS

The Kuo’s method [13] is shown in Fig. 2. Here the
noise source is assumed to be predictable. The FBPM is
achieved by using an additive-random noise based adap-
tive filter, F'(z). The weights of FBPM filter, F'(z), are

copied to the FBN filter, F'(z), taking y(n) as input. A
discrimination filter, H(z), based on a decorrelation de-
lay, removes the predictable component from the desired
response of the FBPM filter. This method achieves im-
proved online FBPM, however, there are a few problems:
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Figure 3: A simplified method with adaptive noise can-
celation (ADNC) filter for online FBPMN in single-
channel ANC systems [15].

1) the performance depends on the proper choice of the
decorrelation delay, and 2) it works only for predictable
noise sources.

To overcome these problems, in [14] authors have
proposed a method using adaptive noise cancellation
(ADNQ) filter in place of the discrimination filter in [13].
The main advantage of this method is that it can work
for both predictable and un-predictable noise sources.
Furthermore, the method does not require decorrela-
tion delay. In these two methods, two filters are used
for F(z): adaptive for FBPM and fixed for FBN. By
combining these two task of modeling and neutraliza-
tion in one adaptive filter, as feedback path modeling
and neutralization (FBPMN) filter, a simplified method
is proposed in [15], and is shown in Fig 3. This method,
hereafter called Previous method, does not require selec-
tion of appropriate decorrelation delay and gives an im-
proved performance as compared with the Kuo’s method
[13], and at somewhat reduced computational cost.

3. PROPOSED METHOD
3.1 Description

As shown in Fig. 4, the proposed method is a one-
step modification of the previous method shown in Fig.
3. As in previous methods [12-15], a low-level random
noise signal v(n), uncorrelated with the reference signal
x(n) is added with the output y(n) of W(z). The sum
[y(n)+wv(n)] is propagated by the canceling loudspeaker.
The signal propagates downstream to generate the error

signal as
e(n) = d(n) —UYs (n) — Us (n)v (3)

and upstream to give corrupted reference signal as
s(n) = r(n) +ys(n) + vs(n), (4)

where d(n) = p(n) % r(n) is the primary noise signal;
ys(n) = s(n) *x y(n) is the antinoise signal; vs(n) is a
component due to the modeling signal v(n); ys(n)
f(n) *y(n) and vy(n) = f(n) * v(n) are the feedback
components due to the canceling signal y(n) and the
modeling signal v(n), respectively; p(n), s(n), f(n) are



impulse responses of P(z), S(z), and F(z), respectively;
and * denotes the linear convolution. The output of the

FBPMN filter, F(z), is subtracted from s(n) to generate
the reference signal for W(z) as

z(n) =r(n) +[lyr(n) = gr()] + [vf(n) = o5(n)]. (5)
The ANC filter W(z) is adapted by FXLMS algorithm

(6)

win + 1) = w(n) + pee(n)a (n),

where i, is the step size for W(z), w(n) =
[wo(n),wi(n—1), -+ ,wr_1(n)]T is the tap-weight vec-
tor for W(z), 2'(n) = [2'(n),2'(n—1), -+ ,2'(n—L+1)]T
is the signal vector, L is tap-weight length of W(z) and
a'(n) = §(n) x x(n) is the reference signal z(n) filtered
through the secondary-path model, S(z). The ADNC
filter H(z) takes y(n) as its input, and x(n) as its de-
sired response to generate the error signal

g(n) = r(n)+lys(n)=gs(n)]+[vs(n) =05 (n)]=u(n), (7)

where wu(n) is the output of H(z). The coefficients of
H(z) are updated by LMS algorithm

(8)

h(n+1) = h(n) + png(n)y(n),

where py, is step size parameter for H(z), h(n) =
[ho(n),h1(n —1),--+  har—1(n)]T is the tap-weight vec-
tor for H(z), y(n) = [y(n—1),y(n—2),--- ,y(n— M)]T
is the signal vector, and M is tap-weight length of H(z).

In (7), [vf(n) — 0¢(n)] is error signal required for
adaptation of FBPMN filter F'(z). The gradient in LMS

equation for F'(z) is computed using the same error sig-
nal g(n) and the random signal v(n) as input signal,

resulting in the following LMS update equation for F'(z)

fn+1) = f(n) + pr(n)g(n)o(n), (9)

where p¢(n) is a variable step-size (VSS) parameters
(the motivation and procedure to vary the step size is ex-

plained later), f(n) = [fO(n)a .fl(n - 1)7 e 7fN1*1(n)]T
is the tap-weight vector for F(z), v(n) = [v(n),v(n —
1), -+ ,v(n — Ny + 1)]T is the signal vector, and Nj is
the tap-weight length of F(z) Assuming that H(z), and
F(z) have converged; u(n) — r(n) + [ys(n) — 47(n)],
U¢(n) = vg(n) and gr(n) = ys(n). Thus input to W(z)
is z(n) ~ r(n), and is free of any acoustic feedback com-
ponents.

3.2 Time Varying Step-Size for Feedback-Path
Modeling Filter

Consider error signal g(n) as given in (7). Here the com-
ponent [vs(n)—0f(n)] is the desired error signal for F'(z),
and the rest of the part, r(n) + [yr(n) — y5(n)] — u(n),
acts as a disturbance for the adaptation of F’(z) Thanks
to the supporting ADNC filter H(z) being excited
by y(n), the output u(n) of H(z) would converge to
r(n) + [ys(n) — §s(n)] that is correlated with y(n), and

hence the disturbance in the adaptation of F'(z) would
(ideally) converge to zero. This observation leads to
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Figure 4: Proposed method for online FBPM in single-
channel ANC systems.

use a small value for the step-size py(n) at startup of

ANC system and use a somewhat larger value at the

later stage. It is worth mentioning that the large value

should be carefully selected so that a small steady-state

mismatch is achieved. Considering the signals z(n) and

g(n), as given in (5) and (7), respectively, we define a
P,

ratio
pli) = T,

where P,;(n) and P,(n) indicate the power of g(n) and
x(n), respectively. These powers can be estimated on-
line using lowpass estimator of type

Py(n) = AP,(n— 1)+ (1= A7*(n), (1)

where X is the forgetting factor (0.9 < A < 1). From (5)
and (7), the ratio p(n) can be expressed as:

(10)

P Prn n—An—un+Pv n)—vf(n
o(n) = Lo _ Blrtmyrus = )=utm) * Plog )=o)

Pe(n) — Pr(m)tys(n)—s(n) +P[vf<n>—@f(rz)1}2)

Initially when the ANC system is started at n = 0;
u(n) =0, gr(n) = 0 and 0¢(n) = 0, as it is customary
to initialize the adaptive filters by zero coefficients; the
ratio p(0) is given as

Prmytys o) + Posm) o
Prn)+ys ()] + Pos )

>~

p(0)

(13)

In the steady-state as n — oo, u(n) — r(n) + [ys(n) —
gs(n)], gr(n) — yr(n) and 05(n) — v¢(n), and hence
numerator in (12) converges to (ideally) zero, whereas
the denominator is non-zero and would converge to
P, (n), and hence lim,, .o, p(n) — 0. Considering these
properties of the parameter p(n); p(0) = 1.0 and
p(co) — 0; the time varying step-size, ps(n), for the
adaptation of F(z) in (9) is computed as

pr(m) = pm)pg o + (1= o) bfmax, — (14)

where py . and ., are the experimentally deter-
mined values for lower and upper bounds of the step
size. These values are selected so that neither adapta-
tion is too slow nor it becomes unstable.



Table 1: Computational complexity analysis on the basic of computations required per iteration.

Kuo’s method

Previous method

Proposed method

| . 2L+ Na+1 2L+ Na+1 2L+ Na 41
FxLMS algorithm for W (z) 2L + Ny — 2 2L + Ny — 2 2L + Ny — 2
— 2M + 1 2M + 1 2M + 1
LMS algorithm for H(z) oM oM oM
. : ‘ . - 3N+ 1 Ny T 1 N F1
Reference Signal x(n) and LMS algorithm for F(z) 3Ny 42 ONy +1

2Ny +1

Variable step-size (VSS)T for F(z)

6
2

TOTAL

2L +2M + 3Ny + N2 + 3
2L + 2M + 3Ny + N

2L +2M + 2Ny + N2 + 3
2L +2M +2N1 + Na — 1

2L +2M + 2Ny + N2 +9
2L +2M +2N1 + No + 1

Example: L =512, M = Ny = 128, N1 = 256

+ x|+ x|+ X|+ x|+ X[+ X

2179
2176

1923
1919

1929
1921

TIn addition to above, the VSS in proposed method requires one division per iteration.

3.3 Computational Complexity

A computational complexity analysis, based on the
number of multiplications and additions per iteration,
is presented in Table 1 for the methods described in
this paper. Here, L, M, N1, and Ny are the tap-weight
lengths of W (z), H(z), F'(z), and S(2), respectively. We
see that the previous method requires N7 fewer multipli-
cations per iteration and Ny +1 fewer additions per iter-
ation, as compared with Kuo’s method. The structure
of the proposed method is same as that of the previous
method, except for the computation of variable step-size
parameter as described earlier, and hence requires a few
more computations per iteration as compared to previ-
ous method [15], yet the computational cost is somewhat
lower as compared to Kuo’s method [13]. This saving in
computational cost is advantageous when length of the
adaptive filter is long, which is usually the case in prac-
tical ANC systems. Numerical values for an example
case are also give in Table 1.

4. COMPUTER SIMULATIONS

This section presents the simulation experiments per-
formed to verify the effectiveness of the proposed
method in comparison to Kuo’s method [13], and pre-
vious method [15]. For acoustic paths the experimental
data provided by [1] is used. Using this data, P(z),
S(z) and F(z) are modeled as FIR filters of tap-weight
lengths 48, 16, and 32, respectively. The adaptive fil-
ter W (z), H(z) and F(z) are FIR filters of tap-weight
length L = 32, M = 16, and N7 = 32, respectively. All
the adaptive filters are initialized by null vectors of an
appropriate order. The reference signal r(n) comprises
sinusoids of 150, 300 and 450 Hz and a zero-mean white
noise is added with SNR of 30 dB. The modeling exci-
tation signal v(n) is a zero-mean white Gaussian noise
of variance 0.05. A sampling frequency of 4 kHz is used.
The step size parameters are adjusted for fast and sta-
ble convergence, and by trial-and-error are found to be,
Kuo’s method and Previous method: g, = 5 x 1076,
By = 5 X 1073, pp, = 5 x 107*, Proposed method:
fw =5 x 1070, pp =5 x 1073, ppp., = 1 x 1072,
wn, = 2 x 1073,
method is 30.
Figure 5 shows the simulation results for various
methods discussed in this paper, where curves shown
are obtained by averaging over 10 realizations of the
process. Figure 5(a) shows curves for the estimation

The decorrelation delay A in Kuo’s
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error in the feedback path, AF(n), being defined as

RISk
AR ="

where f and f(n) are impulse-response vectors for F(z)
I?

(15)

and F'(z), respectively, and || - ||* is squared-Euclidean
norm of the quantity inside. We see that the the pro-
posed method gives very fast convergence speed as com-
pared with the Kuo’s method and the previous method.
The reason for this improved performance is time vary-
ing step-size parameter. Figure 5(b) shows the curves
for the estimation error for W (z), AW (n), being defined
as

e — ()2
AW = e

where w® is the optimal value of the weight vector of the
ANC controller W (z). This is obtained by using FxLMS
algorithm under no acoustic feedback condition. Again
the proposed method achieves better performance than
the other methods. The corresponding curves for mean
square error are shown in Fig. 5(c). We see that, with-
out FBPMN, the the noise reduction performance of the
ANC system is very poor, with Author’s methods giv-
ing better performance than the Kuo’s method. Figure
5(d) shows curves for mean value of (squared) error in
the reference signal z(n) used in adaptation of W(z),
being defined as

(16)

AX(n) = [z(n) = r(n)]%,
where r(n) is the noise source signal. Ideally this mea-
sure should converge to zero, as z(n) — r(n). It is
evident that proposed method is better able to remove
the acoustic feedback, than the other methods. The
variation of parameter p(n) and VSS pr(n) for adapta-

(17)

tion of F'(z) in the proposed method are shown in Figs.
5(e), (f), respectively. As described earlier, p(0) = 1.0
and p(oo) — 0 and py(n) varies accordingly. Thanks to
this time-varying step-size parameter, the overall perfor-
mance of the proposed method is better than the other
methods discussed in this paper.

5. CONCLUDING REMARKS

In conclusion, here we have presented a modification
to our previous previous method for acoustic feedback
neutralization in ANC systems. The modified method
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Figure 5: (a) Estimation error in feedback-path, AF(n). (b) Estimation error in ANC filter, AW (n) . (c¢) Power
of residual error signal e(n). (d), Squared error in reference signal, AX(n). (e) Parameter p(n) in the proposed

method. (f) VSS, jis(n), used in the adaptation of F'(z) in the proposed method.

uses a VSS in the adaptation of FBPMN filter F(z),
where a small value is selected initially as the distur-
bance in the desired response is very large. In the later
stage, the disturbance decreases (ideally to zero), and
the step-size is increased accordingly. We have demon-
strated through the computer simulations, that the pro-

posed method gives improved performance.

This im-

proved performance is achieved with only a slight in-
crease in computational cost as compared with the pre-
vious method [15].
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