-

View metadata, citation and similar papers at core.ac.uk brought to you by i CORE

provided by Explore Bristol Research

-% University of
OPEN (o) ACCESS BRISTOL

Bamford, P., & Canagargah, C. N. (1995). Separation of multiple signalsin
hearing aids by output decorrelation and time-delay estimation. 7 - 10.
10.1109/ASPAA.1995.482900

Link to published version (if available):
10.1109/A SPAA.1995.482900

Link to publication record in Explore Bristol Research
PDF-document

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms.html

Take down policy

Explore Bristol Research isadigital archive and the intention is that deposited content should not be
removed. However, if you believe that this version of the work breaches copyright law please contact
open-access@bristol.ac.uk and include the following information in your message:

* Your contact details
* Bibliographic details for the item, including a URL
» An outline of the nature of the complaint

On receipt of your message the Open Access Team will immediately investigate your claim, make an
initial judgement of the validity of the claim and, where appropriate, withdraw the item in question
from public view.


https://core.ac.uk/display/29026442?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1109/ASPAA.1995.482900
http://research-information.bristol.ac.uk/en/publications/separation-of-multiple-signals-in-hearing-aids-by-output-decorrelation-and-timedelay-estimation(a95ed486-cb32-4230-8e55-c47c5f359ac0).html
http://research-information.bristol.ac.uk/en/publications/separation-of-multiple-signals-in-hearing-aids-by-output-decorrelation-and-timedelay-estimation(a95ed486-cb32-4230-8e55-c47c5f359ac0).html

Separatibn of Multiple Signals in Hearing Aids by Output Decorrelation
and Time-Delay Estimation

Pascal Bamford and Nishan Canagarajah

Centre for Communications Research, University of Bristol,
University Walk, Bristol BS8 1TR, UK
Tel: +44-117-9287730. Fax: +44-117-9255263
e-mail: Nishan.Canagarajah@bristol.ac.uk

Abstract

Sensori-neural hearing impaired listeners have difficulty in separating multiple signals or perceiving speech in background noise
and hearing aids are widely used to enhance the desired signal. In this paper we present a simple two-input system to separate two
signals using output decorrelation where the filter coefficients are adaptively estimated to minimise the correlation of the output
signals. In particular we show that an optimal filter can be designed and the convergence behaviour can be greatly improved by
using a time-delay estimation technique. The algorithm was implemented to successfully separate two signals and the results are

presented.

1. Introduction
Hearing impaired listeners have great difficulty in perceiving a signal in the presence of background noise or many unwanted
- signals. Consequently there has been a growing interest in developing algorithms for digital hearing aids to enhance the desired
signal [1,2]. Although various single-input systems (monaural aids) have been useful in some cases, multi-microphone techniques
provide better enhancement by exploiting the spatial features of the signal sources. In this paper we consider the problem of
separating a mixture of two independent signals from two observed signals (a binaural aid). In [3] we presented a simple linear -
adaptive decorrelator to achieve separation when the received signals are a scalar mixture and in-phase at the inputs. However, in
many cases the signals between the microphones are not in-phase and algorithms must be developed to separate the signals in the
presence of unknown and arbitrary transfer functions which will be determined by the spatial location of the sources and room
characteristics. We consider a signal model where the received signals have arbitrary gain and delay as shown below:
x (k) = 51 () +hy (k)@ s, (k)

xy (k) =5, (k) +hy (k) ®s (k)
where s 1(lc) and S5 (k) are mutually uncorrelated independent signals, his are the unknown transfer functions of the signals

M

between the two inputs and @ is the convolution operator.

Although this is a common problem in many engineering applications, the search for a successful algorithm still continues. In [4]
the adaptive noise canceller was proposed when one of the signals is identical in both inputs. However, the schemes failed to
produce successful separation when the signals were not identical due to the well known signal-leakage in the reference input. In
[5] Van Compernolle et. al. proposed an adaptive decorrelator to achieve separation under a strict causality assumption on hi 5.

The algorithm proposed in this paper is similar to [5] but is capable of producing rapid convergence and requires far fewer
coefficients to achieve separation, Furthermore no assumptions are made about the transfer functions of the signals and the
proposed scheme is therefore capable of performing satisfactorily in most realistic scenarios. In particular we propose a time-
delay estimation technique to determine the (unknown) delays of the signals between the inputs and the adaptive decorrelation
algorithm is employed to estimate the optimal values (weights) of the corresponding coefficients. '

2. The Algorithm
The block diagram of the proposed filtering scheme is shown in Fig. 1. The output signals are given by

¥,y =x () +g, ()@, (K)

@
= k k
v, (k) =x,(k)+g, (K)@x (k)
where g;sarc the FIR filters to bg estimated.
It can be shown [6] that signal separation can be guaranteed if
£,() =~ () v i o
85D =—hy () Vi
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Fig. 1. The Block diagram of the proposed separation algorithm

However, the transfer functions h and h are not known a-priori and must be determined only from the received signals x (k)
and x (k) In [3] we showed that the opnmal parameters of a scalar mixture can be estimated by output decorrelation. A smnlar

prmclple was adopted here to determine the parameters adaptwely using the following update equations:

gf o= gl ¥ @) vupy By, k=) “
" 1) =gk D +uyyy 0y k- 1)
where p; and p, are the stepsizes that control the convergence and stability of the adaptive scheme. It can be shown that the
filters will converge to the optimal solution given by Eq. (3) when the output signals are decorrelated (i.e. E [y;(k)y ; (k-D}=0)
and will lead to signal separation. Here each filter coefficient is affected only by the corresponding cross-correlation lag and not
- any others. This one-to-one linkage between individual cross-correlation lags and the coefficients is only partially true and is not
maintained when all the other coefficients are not optimal. From Eq. (2) we can see that the output signals are determined by all
-the filter coefficients and a non-optimal coefficient will directly affect the correlation estimates at all lags. Therefore, the' gradient
estimates become noisy and the convergence behaviour is severely degraded. Furthermore, since the hi s are unknown, the choice

of filter length will be arbitrary and an over-modelling of the transfer functions will add redundant filter coefficients, which leads
to severe degradation in convergence behaviour. Therefore, we propose to estimate the optimal number of coefficients and the
corresponding delays by using a simple time-delay estimation technique. This will result in an optimal filter configuration and
lead to superior convergence characteristics due to less noise in the gradient estimates (correlation estimates).

2.1 Optimal Fiiter Length
Time-delay estimation is a standard problem in many signal processing and communication applications and many well-known
algorithms exist {7]. We propose to use the cross-correlation between the received signals xl(k) and xz (k) to estimate the

delays and subsequently the optimal number of coefficients required for separation. The cross-correlation function, » ex. (P)s
172

for lag p is given by

T x, (P E R0x (k=] ®
Substituting Eq. (1) in Eq. (5) and taking the expectation gives (since sl(k) and sz (k) are mutually uncorrelated)

ey D= 0D+ IR0 () ©)
172 2°2 j I°1

where r.  (p) is the autocorrelation of the signal s;. If we assume that 5| (k)and s 5 (k) are stationary white signals of

constant power, then
2 =
rsisi (p)=8(p)s; i=12 @
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where §(p) is the delta function and 0% denotes the signal power. Now Eq. (6) can be rewritten as

ey (P)= §hl<i)8(p—i>c§ +§h2 (N8(p+ o} ®
Therefore, it follows from Eq. (8)
‘l;hl(i)S(p-i)c% = h(p)os v p20
r (p)= ' 9
*1%2 th(i)S(pH)c% = hz(p)cf Vv p<0 ©
i

Eq. (9) reveals that the cross-correlation function of a particular lag is determined only by the corresponding delay terms in the
transfer function. Hence, the peaks in the cross-correlation function can be used to estimate the signal delays between the two
inputs. The resulting filter g;s will contain only the necessary delay terms and will lead to an optimal length filter. This

approach can also be viewed as setting a-priori the necessary g; terms to zero, thus eliminating the noise introduced by the

adjustment of these unwanted delay terms. Furthermore, significant power savings and speed improvements can be achieved in
the hardware implementation by this reduced complexity of the filter.

3. Simulation Results
The performance of this approach was investigated with two simulated AR signals and the following signal model was considered

for the purposes of simulation.
x) (k)= 5 (k) +0.6s2 (k-3)

x, k)= 5, (k)+ O.SSl(lc -1 +0.4.<;l (k-5)

Fig. 2 shows the cross-correlation function for various lags and it can be seen that the peaks at lags (-5, -1 and 3) clearly
correspond to the actual delays of the transfer function as expected. Therefore, the optimal filter length is one for g; and two .

for g, , requiring adaptation of the second (one unit delay) and sixth taps of the filter.
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The convergence behaviour of the proposed scheme was investigated and a significant difference in convergence speed was
observed . The convergence rate of the proposed scheme was improved by a factor of 10 compared to a scheme where all the
terms of a sixth order FIR filter was considered to model the transfer functions. Fig. 3 and Fig. 4 show the convergence behaviour
of the separation algorithm. The improvements in convergence speed achieved by our proposed scheme is evident from these
plots. The convergence properties of an adaptive hearing aid is very critical in real-time applications and thus the proposed
approach is ideal for practical implementations,

Fig. 4 and Fig. 5 show one of the received signals and the reconstructed signal using this approach. It can be seen that the
reconstructed signal matches the desired signal very accurately.

~

4. Conclusions

We presented a simple scheme for signal separation in hearing aids using output decorrelation and time-delay estimation
techniques. The algorithm does not make any assumptions about the signal transfer functions and is capable of separating the
signals even when they are not in-phase and the results demonstrate the separation capability of the proposed scheme. The
convergence behaviour of the algorithm was considerably improved by estimating the optimal number of taps in the filter by
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using a time-delay estimation technique. The scheme is very simple and requires fewer coefficients than existing schemes and will
be very suitable for real-time implementation in digital hearing aids.
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