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Abstract- A new tap assignment method for
sub-band adaptive filters is proposed. At the
beginning of adaptation, the tap assignment is
controlled by the mean-squared error(MSE)

f each band. After the residual errors of
all the bands become the same, the tap as-
signment is controlled by both the MSE and
the tail tap weights of each sub-band adap-
tive filter. The new method in contrast to
the method which uses only the MSE, allows
taps to be correctly assigned in the event
that the sub-band adaptive filters have sub-
stantially different convergence rates:: The
efficiency of the proposed method has been
confirmed through computer simulation. The
performance of the proposed method in case
of a colored input signal is investigated. It
is confirmed that, in the colored input sig-
nal case, the total residual error can be mini-
mized even though the unknown system is not
exactly identified. Therefore, the proposed
method is suitable for applications, such as,
echo cancellation and noise cancellation.

I Introduction

Sub-band adaptive filtering is an efficient technique
for reducing computational requirements and for im-
proving the convergence rate. In the conventional
method, the numbers of taps of all the sub-band
adaptive filters are set to be the same [1]-[5]. How-
ever, a uniform length for all the sub-band adaptive
filters is not always the optimuin. When the lengths
of the impulse responses in all the bands are not the
same, the number of taps will be insufficient in the
bands which have longer impulse responses, or re-
dundant in other bands which have shorter impulse
responses.

In arecent study, we have proposed an Automatic-
Tap-Assignment (ATA) sub-band adaptive filter con-
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figuration which enables automatic adjustment of the
lengths of sub-band adaptive filters [6]. In the ATA
sub-band adaptive filter, the numbers of taps of all
the sub-band adaptive filters are controlled by the
mean-squared errors (MSEs). The numbers of taps
increase in the bands where large errors occur and
decrease in the bands where small errors occur, until
the MSIEs in all the bands become the same. This
tap assignment method is named the MSE method
in this paper. It is confirmed that the ATA sub-
band adaptive filter can obtain a smaller residual
error compared to the conventional uniform-length
sub-band adaptive filters.

The following problem remains in the MSE
method. When the convergence rates in all the
sub-band adaptive filters are substantially different,
wrong tap assignment occurs during the adaptation
process. Redundant taps may be assigned to the
band for which the convergence rate is very slow.

This paper propose a new method to avoid as-
signing redundant taps to the band which has a very
slow convergence rate. The efficiency of the proposed
method is confirmed by computer simulation. The
performance of the proposed method in the case of
the colored input signal is also investigated.

IT Configuration of ATA Sub-
band Adaptive Filter

The configuration of the ATA sub-band adaptive
filter is shown in Fig.1. x(n), eo(n) and d(n) de-
note a input signal, measurement error and desired
response, respectively. x(n) and d(n) are divided
into K bands by means of an analysis filter bank
(AFB). x3(n),..., xx(n) and d;(n),..., dx(n) denote
the components of x(n) and d(n) in the bands 1, ...,
K. M denotes the decimation and interpolation rate.
In order to avoid the influence of the aliasing compo-
nents, over-sampling (K=2M) is used. This does not
influence the efficiency of the ATA sub-band adaptive
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Figure 1: ATA sub-band adaptive filter configuration.

filter. The outputs of the sub-band adaptive filters
y1(n), ..., yk(n) are synthesized using a synthesis
filter bank (SFB) so as to obtain the total output
y(n). The difference between d(n) and y(n) is the
total residual error e(n). The tap weights of the
adaptive filters in the bands 1, ..., K are updated to
minimize the corresponding residual errors e;(n), ...,
ex(n). The number of taps for each syb-band adap-
tive filter is not fixed. It is automatically adjusted
by means of a tap assignment controller.

Il A New Tap Assignment
Method

In the MSE method, the tap assignment depends
on the residual error in each band. In actual appli-
cations, the total number of taps is usually fixed due
to hardware limitations. By increasing the number
of taps in the band having the largest residual error,
and decreasing the number of taps in the band hav-
ing the smallest residual error, the residual errors in
all the bands converge to the same value. As a re-
sult, the total residual error can be minimized. The
optimal tap assignment is guaranteed only when all
the bands have almost the same convergence rate.
If the convergence rates are substantially different,
then the band with slowest convergence rates may
require redundant taps. The residual errors of the
other bands are forced to be the same as the band
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which has the slowest convergence rate. If we can
use a long adaptation time, then the optimal tap as-
signment can be obtained after all sub-band adaptive
filters converge. However, the use of long adaptation
time is not practical. Also, this kind of wrong tap
assignment.can not be detected by using only the
MSE.

A new tap assignment method is proposed in order
to solve this problem. At the beginning of adapta-
tion, the MSE method is used. After all ‘the bands
have the same residual MSE, the tail tap weights are
then taken into account in order to detect redun-
dant taps. For simplifying description of the pro-
posed method, a two-band case is used.

At the beginning of adaptation, the same number
of taps is assigned to the two bands.

N
N(0) = Na(0) = o (1)
where N is the total number of taps. The MSE of
the kth sub-band adaptive filter is calculated every
My samples.

n

1
Ei(n)=-— > e€i(m),
A-Io m=n—Mp+1
k=1,2,n= Mo,2Mo,- - (2)

If the MSE of band 1 is larger than that of band 2,
then é taps are subtracted from band 2 and added
to band 1.



§ can be changed during the adjusting process.
The initial values of § taps are set to zero and can
be expressed by the following formulas. If

Ei(n) > Ey(n)(1 + &), (3)
then
Ni(n+1) = Ny(n)+$6
Na(n+1) = Nan)- 4 (4)
wii(n+1) = wyi(n), 0<j< Ni(n)
le(n-i-l) = 0, N](Tl)-l-lSjSN](n-}-l)

where €; is a small positive constant which is intro-
duced to avoid oscillation in the tap assignment. If
the MSE of band 2 is larger than that of band 1, the
tap assignment is similar to the above.

The tap assignment according to the MSEs con-
tinues until

|Ey(n) — Eqa(n)| < €, (6)

Then the mean-squared values of the Np tail tap
weights are calculated as follows:

Nr—-1
1
oni = 1 T e k=12 0)
1=0

where Ni(n) is the number of taps of the kth band at
the time of iteration n. The number of taps increases
only in those bands which have large values both in
Ei(n) and wri(n), or alternatively when Eq.(3) and
the following condition are satisfied,

wry(n) > wra(n)(1+ €2) (8)

The number of taps in band 1 increases according to
Eq.(4). €2 has the same meaning as ¢;. The initial
tap weights are shown in Eq.(5).

The number of taps of band 1 does not increase as
long as the tail tap weights of band 1 are smaller
than band 2, even though the residual error of band
1 become larger than that of band 2. Therefore, no
redundant taps are assigned to bands having slow
convergence rates.

IV  Optimal Tap Assignment

Optimal tap assignment means the total residual
error can be minimized by assigning the optimal taps

to each sub-band adaptive filter, while keeping the
total number of taps unchanged. If the residual error
in each band is uncorrelated, then the total mean-
squared residul error E(n) can be expressed as [7]

K«
E(n) = Z Ei(n) (9)

E)(n) is the mean-squared residul error of the kth-
band as shown in Eq.(2) E(n) can be minimized by
minimizing Ex(n). Eg(n) depends on eg(n), the
residual error of the kth-band adaptive filter. We
will discuss how ex(n) can be minimized. eg(n) is
given by

ex(n) = dp(n)—wl(n)Xk(n)

= [wih(n) = Wl (n)]Xk(n) + eo,(n)

= ey, (n)Xk(n) + eo,(n) (10)
where []" denotes the Hermitian transpose, wil(n)
denotes the ideal tap weights and ey, (n) denotes
the tap-weight error vector of the kth-band adap-
tive filter. Xy(n) and eg,(n) denote the input vector
and measurement error components in the k-band.
Eq.(10) shows that ex(n) depends on three compo-
nents, ey, (n), Xg(n) and eg, (n).

Tap-weight error vector e, (n) dependents on the
number of taps and tap-weights in the kth-band. If
enough taps are assigned to the kth-band to cover
the length of the impulse response in this band, and
tap-weights are approximately equal to the value
of the impulse response, then e, (n) will become
small. The adaptation of tap-weights is common in
any adaptive filter. Our research emphasizes on how
to assign the optimal number of taps to each band,
when the total number of taps is given. As men-
tioned in section III, the number of taps in the kth-

“band is automatically adjusted according to the MSE

and tail tap values so as to minimize ex(n).

When the input signal x(n) is colored, such as
speech and music, Xk(n) varies depending on the
spectrum of the input signal. ex(n) is large when
Xk(n) is large, therefore, the number of taps in the
kth-band increases in order to minimize ex(n). The
total residual error can be minimized even though
the unknown system is not exactly identified. There-
fore, the ATA sub-band adaptive filter can be effec-
tively applied to noise and echo cancellation.

It is customary to assume that the measurement
error is white with zero mean and variance o%. The
mean-squared value of eg, (n) which is caused by the
measurement error in each band is the same. The
tap assignment in each band is biased by the same
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value. Thus the optimal tap ratios are different from
that obtained when no measurement exists.

V Simulation Results and Dis-
cussions

A. Algorithm and Unknown System

Polyphase structures were used for the analysis and
synthesis filter banks [8]. A 41-tap quadrature mir-
ror filter (QMF) was used as a prototype filter for
the two-band case. Reconstruction error of analy-
sis/synthesis system is less than +£0.11dB. The nor-
malized LMS algorithm [9] was used in adapting of
the kth sub-band adaptive filter.

ex(n) = di(n) - wfl (n)Xx(n), (11)

wi(n+1) = wi(n)+ Xi(n)e(n) (12)

a
€+ |Xk(n)?
where []7 denotes the Hermitian transposition, a =
0.02, and ¢ = 10719 The input signal x(n) is
white noise with zero mean and variance o? =
0.082(—10.86dB). The amplitude of the transfer
function and the impulse response of an unknown
system are shown in Fig. 2.
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Figure 2: Amplitude and impulse response of the
unknown system. (a) Amplitude-frequency response,
(b) Impulse response in the full-band, (c) Impulse
response in the low-band, (d) Impulse response in
the high-band.

B. Relation Between Total Residual Error and
Tap Assignment

The relation between the total residual error and
the lengths of the sub-band adaptive filters is inves-
tigated. The simulation result is shown in Fig.3 .
The abscissa denotes the number of taps in band 2.
The ordinate denotes the total MSE, where the to-
tal MSE is defined to be the average MSE over the

final 1000 samples of e(n). In the simulation, the
number of total taps was set to be 50. The total
MSE is —13.74dB at Ny(n) = 25, for the uniform-
length method. The total MSE decreases as No(n)
increases. At N(n) = 42, the total MSE attains
the minimum value, —21.91dB. As Nj(n) increases
further, the total MSE also increases.

40
N2(n)

Figure 3: Relation between the total MSE and the
number of taps.

C. Simulation Result With MSE Method

The simulation results of the ATA sub-band adap-

tive filter adjusted by the MSE method are shown

in Fig.4. The convergence rate of band 1 is substan-
tially slower than that of band 2. At the beginning
of adaptation, the residual error of band 2 is larger
than that of band 1, because of the longer impulse
response in band 2. Therefore, the number of taps
increases in band 2. After about 2000 iterations, the
residual error of band 2 becomes smaller than that
of band 1, so that the number of taps in band 2 de-
creases and the number of taps in band 1 increases.
However, the large residual error of band 1 is caused
by the slow convergence rate, and not by a shortage
of taps. Thus, the MSE of band 1 can not be reduced
by increasing the number of taps. As shown in Fig.4,
the values in the tail of band 1 are almost zero. This
means that increasing the number of taps in band
1 will not provide any improvement. The residual
error of band 2 is forced to be the same as that of
band 1 by decreasing the number of taps. The num-
ber of taps in band 1 and band 2 are 20 and 30 at
8000 iterations. This is far from the optimum value
as shown in Fig.3.

D. Simulation Result With Proposed Method

The simulation results of the ATA sub-band adap-
tive filter adjusted by the proposed method is shown
in Fig.5. ¢; and €; in Eq.(3) and (8) respectively
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Figure 4: Simulation result using the MSE method.
(a). Tap assignment in band 1, (b). Tap assignment
in band 2, (c) Residual error of band 1, (d) Residual
error of band 2, (e) Tap weights of band 1, (f) Tap
weights of band 2.

are set to 0.01 in the simulation. At the beginning
of adaptation, the tap assignment depends on the
MSEs, and the performance is the same as shown
in Fig.4. After about 2000 iterations, the residual
errors of bands 1 and 2 become almost the same.
Therefore, the tail tap criterion is then taken into
account. The tap assignment is adjusted using both
the MSEs and the tail tap values. As shown in Fig.5,
there are no redundant tapsin the tail of band 1. The
residual error of band 2 is smaller than that of band
1. This difference in error is as a result of inherent
difference in their convergence rates. A wrong tap
assignment is avoided. The number of taps in band
1 and band 2 are 13 and 37 respectively after 8000
iterations. These values are near the optimum value
as shown in Fig.3.

E. Performance for Colored Input Signal

In order to evaluate the total residual error and
the system identification error of the ATA sub-band
adaptive filter adapted using white and colored input
signals, respectively, the process of Fig.6 is used[10].
For the first 8000 iterations, a white noise input sig-
nal is used so as to avoid a slow convergence rate.
During the next 4000 iterations, the input signal is
comprised of a white noise and a colored signal. The
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Figure 5: Simulation result using the proposed

method.(a). Tap assignment in band 1, (b). Tap
assignment in band 2, (c) Residual error of band 1,
(d) Residual error of band 2, (e) Tap weights of band
1, (f) Tap weights of band 2.

residual error is evaluated during this interval. The
system identification error is evaluated after 8000
and 12000 iterations, where the system identification
error is defined as the difference between the impulse
response of the unknown system and the impulse re-
sponse of the ATA sub-band adaptive filter.

A speech signal shown in Fig.7 is used as the col-
ored input signal. The variance of the speech sig-
nal is the same as the white input signal, that is,
0? = 0.082(—10.86dB). The signal power spectrum
is concentrated in the low frequency band.

First the system identification error is evaluated.
The system identification error is —5.23dB after the
first 8000 iterations. It becomes —5.77dB after an-
other 4000 iterations if a white noise input signal is
used, and —5.06dB if a speech input signal is used.
These results shows that the preciseness of system
identification is slightly degraded when the input sig-
nal is a speech signal.

After this, the total residual error for the speech
input signal is evaluated for two cases; the ATA sub-
band adaptive filter is adapted using the speech sig-
nal and white noise signal respectively. The mean-
squared error after 4000 iterations is ~34.62dB if a
speech input signal is used, and —22.27dB if a white
noise input signal is used. The results show that,
for the colored input signal case, the total residual



error can be minimized even though the system is
not exactly identified. For applications such as noise
cancellation and echo cancellation, the purpose is to
minimize the total residual error. Therefore, the
ATA sub-band adaptive filter is suitable for these
applications.

Evaluation

Colored input 1. System

White input identification error
2 .Total residual

White input error

¢ ! }
0 8000 12000
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Figure 6: Evaluation of residual error and impulse
response error for colored and white input signals.
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Figure 7: (a). Speech signal, (b). Spectrum of the
speech signal.

VI Conclusion

A new tap assignment method has been proposed.
At the beginning of adaptation, the tap assignment
is controlled by the MSEs. After the residual errors
of all the bands become the same, the tap assignment
is controlled by both MSEs and tail tap weights of
the sub-band adaptive filters. The number of taps
increases only in the bands which have both large

MSEs and tail tap weight values. The wrong tap
assignment which occurs in the existing MSE method
can be avoided in the proposed method.

In the colored input signal case, the total residual
error can be minimized even though the unknown
system is not exactly identified. Therefore, the pro-
posed method is useful for applications, such as, echo
cancellation and noise cancellation.
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