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��%�	���KM	�|Yq�%�G�#	$�K���<��	�����
����������
��J����%�!$�����%�G���%�	���KM	#	$�	>���

#�#�����'K$������J������� )z,B-./� p6E{,Ei45+69� �<��
�#���$��� )|,x� 3,./9� ��������O���
��%�	���KM	�	
�	��������<P�%J
�� )3,5T6EF65+6� z4/69� �
�� ��%�	���KM	�	
&�a���������%�	���KM	�
q/66j6./� S6.+65/������&�����<�>��%_<	$����<��'��J��>��'�((�">���RK�&<��� 
�	>���
��
#	$'��� ���#����������%�	���KM	� |Yq� %�K$���������� ��>��%�K$��
�� 
���'�����'K#MKwJ����������
���������� �!�%��%����'�����'K#MKw�
�� ���� )}4j�r60F2/��6+/,E9����>��'�����'K#MKw�
�� �����IP�
����������&�
�������������� �!������������N
��J�����>����"� >��J��%��%����'�����'K#MKw
�
�� ���#	$��
��������N
�������'��#
����<P�%J
�'P�>�����J������%�	������ r0656E� q,7-/0,5� ���
#�����J����%�	���KM	� |Yq� �	
���	<��\"�><
������������>��>������=���<��� �����H��
����������&!
�o���W�����������>!���

UV *A4j/0T6�jE,+6..���#���������%�<	$��%��%����'�����'K#MKw�
�� ��������<���������
������N
���



� WU�

��������������WV� @07/6E05F� jE,+6..� ��%�G����#��R<>P"Q������ �������J
��P<'�((�"%J
��<���������
%��%����'�����'K#MKw�
�� ���#	$R��������������������>��'�����'K#MKw�
�� ����<
���J�
�����
*A4j/0T6�jE,+6..�
��������������?��������
�#��� )3,./� @-5+/0,59� #	$��
����%�	���KM	� |Yq� %�G�>��%_<	$����<��'��J��>��
'�((�">���RK�&<�����'�����
�

������������������������������������������������� ������� � �)()( 2 nenJ �� ����������������������������������������������������)WVUb9�
�

&K���"��P�#	$�WVm�'���K� 
� )(nx ��<�� )(nd � %�G�'�((�"#	$�	>�"<��\"������,05/7y�./4/0,54Ey�
�<�� 	 
nJ � %�G�?�������>��%��N�� )3,5T6�� @-5+/0,59�J��� 	 
nw � %�!$�'�((�"�����&!
� <���	>��
�
�������%J
���<
HP�������'����#	$�)WVl9�>��'�((�">���RK�&<��'����I%J	����
%�G��
�

����� )(ˆ)()( nynyne �� ����

��������������������������������������������������������������� � �
�

�

�

�

����
1

0

1

0

)()()()(
L

i

L

i
i inxnwinxih �

��������������������������������������������������������������� )()]([ nxnwh T�� � � � � )WVUm9�
�

�#�>��� 	 
ne �<���?��������
�#����'����#	$�)WVUb9�����
�
�

�������������������������������������������������������� � �)()( 2 nenJ �� ����������������������� � � )WVUn9�
�

����� �>��� 	 
nw �#	$% ���#	$'���)�j/0i-i9� �!�%�!$�� 	 
nJ ��	>���$��#	$'���)Y050i-i9�'����I#����

������ �>��%��%�	��#�%��%����J��� 	 
nJ ��
�

�������������������������������������������������� 	 
	 
 	 
 	 
 	 
nwnnpnj R22 ���� ������������ � )WVUl9�
�������������������������������������������������������������������
���#	$� )(np �>!��%��%����' '��&��M�J
���)3E,..]+,EE674/0,59��� ����� 	 
nx ��<��� 	 
nd � ���
����
�

���������������������������������������������������� � �)()()( nxnxnp H
�� ������������������ � � )WVUu9�

�

%�!$�� H][
 �>!��26Ei0/045�/E45.j,.6��<�� )(nR �>!��%���K�N����' '��&��M��)*-/,]+,EE674/0,59��<�
��� ���#�'�(<��\"����%�G�%���K�N���



� WW�

'�((�"J��� 	 
nx � ���
����
�

��������������������������������������������������� � �)()()( ndnxnR �� ������������������������� � � )WVU^9��
�

'������������>��'�����'K#MKw�
�� ���J��������������������� 	 
nw �  �!�'������������ )�jA4/6�
1:-4/0,59� ���
������>����"�����N
��������	
�
�

������������������������������������������������ 	 
 	 
 	 
	 
� �njnwnw ����� �
2
1

1 �������������������������������� )WVWg9�
�

%�!$��� �>!�>��>�#	$��������K�����<���%�	������>�������
���)q/6j].0;69���
>��>������������J��
���������
����������������������O�	��� �>��J��� p � �<�� R � �����'����I ���
���'�((�"%J
�%&	�����%�	���
�����
�� ��%�	���KM	� |Yq� �L��������������%�	���KM	� q/66j6./� S6.+65/������
>�������"J��� p �
�<�� R � J"�%�<���
�� �� )h5./45/456,-.� 1./0i4/69� ����� �>��%��%�	��#�%��%����� )(nj� � ���
>�������"J"�%�<���
����J���R �>!����
�

��������������� � � ������ 	 
 	 
 	 
nxnxnR T
�ˆ ������������������������������������������������� )WVWU9�

�

�<�>�������"J"�%�<���
����J��� 	 
np �>!����
��������
��������������������������������������������������������� 	 
 	 
 	 
ndnxnp �ˆ �������������������������������������������������� )WVWW9���������������������
�

%�!$����'����#	$�)WVWU9��<�� )WVWW9��#�>����'����#	$�)WVUl9��<��#�� )WVUl9� <���'�����)WVWg9�
#��� 
��
'�����������J��� 	 
nw ��%�G��
�

������������������������������������������������ 	 
 	 
 	 
� �)()()(1 nwnxndnxnwnw T
���� � �� � )WVW`9���������������������

�

%�!$������%�	���KM	� |Yq� ����
�����>��>�����#�����J�����������������������P�#	$� WVm� ����

>���'��&��M��������#	$���%�G���������#	$�WVU�
�
�
�



� W`�

�����#	$�WVU�'���'����#	$'��>�(J����%�	���KM	�|Yq�
�

����'����>��'�((�"���J�������������������������������� 	 
 	 
 	 
nxnwny T
�ˆ �

����'����>��RK�&<������������"��������������������������� 	 
 	 
 	 
nyndne ˆ�� �
����'������������>��'�����'K#MKwJ��������������� 	 
 	 
 	 
 	 
nenxnwnw ����1 �

�

>�������
��� � �J����%�	���KM	�|Yq����	R<�����������������<P�%J
�'P�'Q�����P�����)q/64Ay�q/4/69�
J��������������������� %�!$������	����=���<��� )@66AB4+C9� J��>��RK�&<������������"�
�������	R<#��� 
����%�K�>�������	%'I	��Q�&��
�#�
��	
>��� � �>��%<!������tuv�� 
��P�������J����
�

����������������������������������������������������������
max

2
0

�
� �� ���������������������������������������� � )WVWb9�

�

%&!$����\�%'I	��Q�&J����������� max� �>!�>��%������)10F65T47-69�J���R �#	$�	>�����#	$'���
��������������������K� 	 
nw ������<P�%J
�'P����#	$�$��#	$'��J��� 	 
nJ ������IP��
����������������������#	$�$��
#	$'���	
%�!$�����R<J������	�FE4A065/�5,0.6��<���>!�>��>���RK�&<������������">��%��%�	��#�
%��%����R���� 	 
nR̂ � �<�� 	 
np̂ � %�G�R<� 
?��������
�#����'Q�����P�����  �!�� )(�J � �	>���������
>��%_<	$����<��'��J��'�((�">���RK�&<��#	$�	>���
��#	$'��� 	 
minJ � >������������ ����� )(�J �
�<�� minJ ���%�	������6�+6..�i645�.:-4E6�6EE,E� �!�� )(�exJ ��<���>!��
�

�� � � ��������������� 	 
 	 
 minJJJ ex ���� ������������������������������������ � )WVWm9����������
�

�������	
���������%�	$��%��J��>�����'����I ���
��������'����� ����� 	 
�exJ � �<�� minJ �
���%�	������i0.4A�-./i65/�)Y9��
����������

Y��� 	 


minJ
J ex � ��������������������� ���������� � )WVWn9�

�

'�� �����������<P�%J
�J��� 	 
nJ �'P�>�����J���x0656E�.,7-/0,5�)%�!$�� 	 
 	 
npnwopt
1�� R 9���JL
���P�

������������J��>��%������)10F65T47-6�qjE64A9�J���R �NL$� ������ minmax �� �I
����������
J��>��%�����J��� R � �	>��'P�� %�������"	#	$'�((�"%J
�%�G�'�((�"%'	��&P���#��� 
��������<P�
%J
��
��������"	#	$'�((�"%J
�%�G�'�((�"�����J��#	$�	>��%�����J���R ��$�������



� Wb�

��������������Z��������������� 7̀GOFS=a:>�\:FN;�]:FD�ÛMFG:�5 \̀]U?�&_(�
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 Abstract- This paper presents a decorrelation technique to im-
prove the performance of acoustic feedback cancellation in hear-
ing aids, particularly for the continuous adaptation approach. It 
is proposed that the input and the output signals of the hearing 
aids are decorrelated via the use of higher-order time-varying 
allpass filters in order to adequately decorrelate the signals with 
as little degradation of the quality of the output signal of the hear-
ing aids as possible. Simulation results are presented based on 
real speech signals and supported by subjective listening tests. 

 

I. INTRODUCTION 

Acoustic Feedback Cancellation (AFC) is necessary for 
hearing aids in order to eliminate the howling perceived by the 
users. This is because the amplified signal at the output of the 
hearing aids is also sent back to the microphone at the input 
terminal of the devices via the air vent. The howling effect 
becomes more severe to the users especially when the gain of 
the devices is large. Thus, the dynamic range of the hearing 
aids is limited due to this acoustic feedback problem. 

 
Adaptive filtering systems with continuous adaptation have 

been proposed for acoustic feedback cancellation [1, 2]. This 
method causes no interference to the hearing-aid users, as com-
pared to the non-continuous adaptation approach [3, 4], which 
requires periodically the training sequence, such as white noise. 
Moreover, the non-continuous adaptation approach requires a 
good detector for the howling effect. If the howling detector 
does not function properly; does not detect the howling when it 
occurs, the acoustic feedback will not be eliminated in that pe-
riod and affects the hearing. Therefore, continuous adaptation is 
preferable to non-continuous one due to its independence of the 
howling detector. Moreover, it is suitable for those who do not 
have a severe problem with hearing. 

 
Acoustic feedback cancellation with continuous adapta-

tion, however, encounters the problem of correlation between 
the input and the output signals of the hearing aids. This results 
in misconvergence of the adaptive filters [5]. Subsequently, the 
acoustic feedback in the hearing aids cannot be estimated accu-
rately. Several techniques have been proposed to decorrelate 
these two signals but the simple and low-complexity ones using 
delays [1, 2, 4] have been particularly investigated in this paper. 
It has been shown in [5] that the use of a fixed delay in the for-
ward path of the hearing aids gives better degree of decorrela-
tion as compared to that in the cancellation path.  

 
It is found in [1, 5] that a fixed delay of at least 1 ms is re-

quired in order to decorrelate sufficiently the input and the out-
put signals of the hearing aids. Normally, the hearing-aid users 
wear the device in only one ear. By considering at the quality of 
the received signals at both ears, it is required that the inter-
aural delay between the left-side and the right-side signals 
should be under the limit of 200 �s [6] in order not to destroy 
the stereo perception of the signals. A fixed delay of 1 ms to the 

signal on one ear will therefore result in the fixed inter-aural 
delay that exceeds the 200 �s limit and result in degradation of 
the stereo signals.  

 
It is therefore proposed in this paper to employ a time-

varying delay via higher-order time-varying allpass filters (HO-
TV-APF) [7]. This is due to the characteristics of HO-TV-APF 
that the amount of delay introduced to the hearing-aid users is 
time-varying and can be adjusted by the variation of the HO-
TV-APF parameters so that adequate signal decorrelation can 
be obtained while preserving the stereo perception.   

 

II. ACOUSTIC FEEDBACK CANCELLATION USING 
ADAPTIVE FILTERS WITH CONTINUOUS 

ADAPTATION 

A block diagram for acoustic feedback cancellation em-
ploying adaptive filters with continuous adaptation is illus-
trated in Fig. 1. The input signal of the hearing aids is denoted 
by x(n), whereas s(n) is the amplified output signal. In general, 
the forward path of the hearing aids, which is denoted by the 
impulse response ( )ng , can be modeled [2] as given by 

 1
0( )G z G z��       (1) 

where G(z) is the z-domain representation of the impulse re-
sponse ( )ng , and G0 is an amplifying gain of the hearing-aid 
devices. The acoustic feedback path in the ear canal is charac-
terised by an impulse response ( )nf . In this paper, the feed-
back path of length L=100 is assumed to be time-invariant, i.e. 

( )n �f f , and will be modeled as illustrated in Fig. 2. 
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Fig 1: Acoustic feedback cancellation with continuous adapta-
tion. 

 
Subsequently, the microphone signal d(n) as the input of 

the hearing aids becomes ( ) ( ) ( )d n x n y n� � , where the 

acoustic feedback signal y(n) is defined by ( ) ( )Ty n n� f s . 
The output signal vector of length L is given by 

( ) [ ( ), ( 1), , ( 1)]Tn s n s n s n L� � � �s � . An adaptive 
filter of the same length L with FIR structure, as defined by 

0 1 1( ) [ ( ), ( ), , ( )]T
Ln w n w n w n��w � , are employed in 
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order to estimate the acoustic feedback path. The estimation 
error signal is described as 
 ˆ( ) ( ) ( )e n d n y n� �   (2) 

which is also equivalently found to be 

 ( ) ( ) [ ( )] ( )Te n x n n n� � �f w s   (3) 
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Fig 2: Impulse response of an acoustic feedback path in the 
hearing aids. 

 
It can be seen from eq.(3) that once the adaptive filter can 

perfectly identify the acoustic feedback path, the error signal 
e(n) approaches the desired input signal x(n). This demonstrates 
that the acoustic feedback signal in the hearing aids can effec-
tively be eliminated.   

 

III. TIME-VARYING DELAY USING HIGHER-ORDER 
TIME-VARYING ALLPASS FILTERS 

In order to decorrelate the input and the output signals of 
the hearing aids, it has been shown in [1, 2, 4] that the inclusion 
of a fixed delay in the forward path, as depicted in Fig. 3, gives 
better decorrelation performance than that in the cancellation 
path. This, however, results in delay between the input signal, 
x(n), and the output signal, s(n), of the hearing aids. 
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  delay�

 
Fig 3: Acoustic feedback cancellation with delay in the forward 
path. 
 

Since the hearing-aid users normally wear the device in 
only one ear, the output signal s(n) arriving the impaired ear 
will be delayed as compared to the signal x(n) arriving at the 
other ear of the users. The inter-aural delay, which is the differ-
ence between the group delay of the left-channel and the right-
channel signals, should be under the limit of 200 �s [6] in order 
not to destroy the stereo perception of the signals. Obviously, 
the signal received at the ear with no hearing-aid devices has 
zero or no group delay. Thus, the inter-aural delay can be ob-
served from the group delay of the processed signal.  

Apart from the characteristic of HO-TV-APF [7] that 
has constant magnitude response, it can also, on average, ap-
proximate linearity in the phase response of the processed sig-
nal. Thus, a constant group delay can be approximately ob-
tained from time-varying group-delayed signal. This fact un-
derpins minimum degradation of the stereo perception of the 
signals arriving at both ears of the hearing-aid users. 
 

The time-varying allpass filter is represented in the form of 

 

( )
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1

( )
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�
  (4) 

where N is the order of the allpass filter and the time-varying 
coefficients �i(n) of the allpass filter are updated by 
 ,int( ) ( ), 1, ,i i in r n i N� �� � � �   (5) 

Each time-varying parameter �i(n) deviates around its initial 
value of �i,int via an i.i.d. random variable ri(n), within the range 
[-Ri,Ri], indicating the maximum possible difference between 
them.  
 

Therefore, in this paper, the use of a time-varying delay via 
employing HO-TV-APF in the forward path, instead of a fixed 
delay, is proposed to decorrelate the input and output signals of 
the hearing aids. 

 

IV. EXPERIMENTAL RESULTS 

A. Computer Simulations 

A speech signal, sampled at 8kHz, were normalized to 
have zero mean and unity variance, and used as the desired 
input signal x(n) of the hearing aids, as depicted in Fig. 4. The 
gain of the hearing aids, as defined in eq.(1), was chosen to be 
G0 = 12 for all cases. The adaptive filter was controlled by the 
Normalised Least Mean Square (NLMS) algorithm [8] with 
step-size �	= 0.02 for every simulations.  
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Fig 4: Speech input signal of the hearing aids. 

 
The decorrelation technique using a fixed delay of 1 ms (8 

samples) was compared with the technique using HO-TV-APF 
with different orders, i.e. N = 1,2,3. The time-varying parame-
ters of HO-TV-APF, as given in Table 1, were chosen so that 
the initial group delay of the processed signal, and thus the av-
erage group delay, were about the limit of 200 �s. This rule 
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applied particularly for the frequency range of the speech sig-
nal, i.e. 300-3400 Hz, in order not to destroy particularly the 
stereo perception of the speech information. Beyond this fre-
quency range, the parameters of HO-TV-APF were chosen so 
that group delay can be over the fixed inter-aural delay limit. 
This potentially yields efficiency in signal decorrelation per-
formance of the proposed method. Group delay of the proposed 
decorrelation method is illustrated in Fig.5. 
 
Table 1 : Initialised parameters and deviation of HO-TV-APF 
for different orders N. 
 

N ����1,int R1 ����2,int R2 ����3,int R3 
1 0.8 0.05 - - - - 
2 0.8 0.10 0 0.05 - - 
3 0.8 0.05 0 0.05 0 0.05 

 
For comparison, the performance of the adaptive filter was 

evaluated in terms of Weight Error Vector Norm (WEVN), 
given by 

 

2

10 2

( )
WEVN( ) 10 log

n
n

�
� 


f w

f
  (6) 

where .  denotes the Euclidean norm of a vector. With no 

decorrelation method, it is shown in Fig. 6 that WEVN of the 
AFC system diverged from its steady state. When employing a 
fixed delay, WEVN reached about -10 dB. For the time-varying 
delay approach; N = 1 and N = 2, final value of WEVN reached  
–7dB and –10 dB, respectively.   
 

Although the decorrelation degree obtained from the fixed 
delay approach of 1ms is higher than those with time-varying 
delay employing HO-TV-APF, the time-varying delay method 
use less amount of delay added to the AFC system. It can be 
seen from the WEVN in Fig. 6 that with increasing order N of 
the HO-TV-APF, the decorrelation capability of the signals can 
be further improved. To achieve this, suitable values of time-
varying parameters of HO-TV-APF have to be carefully se-
lected for sufficient decorrelation degree while preserving the 
stereo perception of the signals. Thus, for the N = 3 case, time-
varying parameters of HO-TV-APF were adjusted to be a little 
above the fixed inter-aural delay limit of 200 �s, but less than 
1ms of the fixed delay approach, in order to obtain sufficient 
degree of signal decorrelation while trying not to severely de-
grade the stereo perception of the signals. In addition, the pa-
rameters were selected so that the WEVN performance of the  
N = 3 case attained approximately the same level as that of the 
fixed delay approach.  
 

With such parameters in Table 1, it is shown in Fig. 6 that 
the N = 3 case yields the highest degree of signal decorrelation, 
as compared to the N = 1 and N = 2 cases. Moreover, from our 
experimental simulations, higher degrees of signal decorrela-
tion could be obtained with other values of group delay, which 
were higher than 200 �s. The reason behind this is due to the 
time-varying characteristics of the delay. It gives less severe 
disturbing effect on stereo perception, on average. Despite the 
fact that the 200 �s limit of fixed inter-aural delay were used as 
the reference in this paper in order to compare the preservation 
of stereo perception among different decorrelation methods, the 
upper limit of the time-varying inter-aural delay to guarantee 

stereo perception will have to be found from further experi-
ments. 
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Fig 5: Group delay of HO-TV-APF for different orders N. 
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Fig 6: Comparison of WEVN performance of the AFC system 
with and without decorrelation methods. 

B. Subjective Listening Tests 

Subjective listening tests were undertaken with 25 listen-
ers. The Mean Opinion Score (MOS) value of the stereo signals 
with no addition of delay was graded as 3.64. The MOS values 
for different cases of delay were given in Table 2.  

 
Table 2: Mean Opinion Score value of the stereo signals em-
ploying different decorrelation methods. 
 

Signals MOS values 
No decorrelation method 3.64 
Fixed delay (1ms) 3.00 
Time-varying delay (N = 1) 3.48 
Time-varying delay (N = 2) 3.60 
Time-varying delay (N = 3) 3.76 

 
It can be seen that the decorrelation method employing 

HO-TV-APF can preserve stereo perception of the received 
signals at both ears of the hearing-aid users much better than 
that using a fixed delay. In addition, with higher order N of the 
HO-TV-APF, higher MOS values can be obtained. 
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V. CONCLUSIONS 

The signal decorrelation method employing time-varying 
delay via HO-TV-APF has been shown in this paper to be able 
to decorrelate sufficiently the input and output signals of the 
hearing aids. By increasing the order N of the HO-TV-APF, 
further improvement in signal decorrelation capability, as 
compared to the fixed delay method, has been demonstrated. 
This leads to a more accurate acoustic feedback cancellation, 
and thus results in enhanced dynamic range of the hearing-aid 
devices. Furthermore, the proposed method use less amount of 
delay than the decorrelation method using 1ms fixed delay. 
Therefore, it yields sufficient degree of signal decorrelation 
with minimum degradation in stereo perception of the per-
ceived signals.  
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ABSTRACT 

 
Acoustic Feedback Cancellation (AFC) is required to 
mitigate the howling effect in hearing aids due to the 
acoustic feedback problem. In this paper, a technique is 
proposed to improve the performance of AFC in the 
hearing-aid devices. Due to the existence of the speech 
input energy within the error signal, the adaptation of the 
adaptive filter in the AFC system is therefore severely 
disturbed, and results in misconvergence of the adaptive 
filter. The proposed technique based on a forward linear 
predictor is employed so that the predicted speech input 
can be removed from the error signal, and thus, more 
accurate estimation of the acoustic feedback signal can 
be obtained. Computer simulation based on real speech 
signals demonstrates the effectiveness of the proposed 
technique.  
 

1. INTRODUCTION 
 
The use of hearing aids in people with hearing 
impairment is to amplify the sound of interest to assist 
their hearing, without any discomfort from high intensity 
sounds. The leakage of the amplified signal from the 
output of the hearing aids is, however, sent back to the 
microphone of the devices through the acoustic feedback 
path, i.e. air vent between the hearing aids and the ear. 
This leads to the acoustic feedback problem which is 
perceived by the hearing aid wearers as whistling or 
howling, especially when the amplifying gain of the 
devices is large. To prevent the acoustic feedback 
problem, the dynamic range of the amplification of the 
hearing-aid devices is thus limited. Nevertheless, this 
inhibits the maximum amount of amplification, which is 
required for people with severe hearing loss. Acoustic 
Feedback Cancellation (AFC) is therefore necessary for 
hearing aids in order to mitigate the howling effect. As a 
result, the amplifying gain of the devices can be adjusted 
according to the hearing loss of the users with no 
restriction as long as the devices do not undergo 
unstable.  
 

In general, an AFC system can be achieved by 
employing the adaptive filters� to estimate the acoustic 
feedback signal. There are two types of the adaptation of 
the AFC system, non-continuous adaptation [1, 2] and 

continuous adaptation [3, 4]. The non-continuous 
approaches require periodically the training sequence, 
such as white noise sequence, to function the adaptive 
filter solely when the howling effect is detected. Such a 
training sequence can be perceived by the hearing-aid 
wearers when high amplification gain is needed. Thus, 
the non-continuous adaptation approaches are no longer 
suitable for such users.  

 
In fact, the acoustic feedback paths depend on the 

time-varying environment. The adaptive filter of the 
AFC system is therefore required to adapt continuously 
in order to identify accurately the acoustic feedback 
path. Hence, in this paper, the continuous adaptation 
approach of the AFC system is considered. Acoustic 
feedback cancellation with continuous adaptation, 
however, encounters the misconvergence problem of the 
adaptive filter. This is due to the existence of the speech 
input energy within the error signal that involves in the 
adaptation process. Therefore, it is proposed in this paper 
that the input speech signal should be eliminated from 
the error signal before entering into the adaptation of the 
adaptive filter. One simple and effective approach to 
obtain the predicted speech signal is by using a forward 
linear predictor. The Recursive Least Square (RLS)-type 
linear predictor is chosen for this purpose due to its high 
efficiency. As a result, more accurate estimation of the 
unknown acoustic feedback path in the hearing aids can 
be achieved.  

 
Moreover, the correlation between the input and 

the output signals of the hearing aids is another reason 
behind the misconvergence of the adaptive filter. One 
possible method to decorrelate these two signals is by 
utilizing a fixed delay of at least 1 ms in the forward path 
of the hearing aids [5]. Improvement of the AFC system 
with continuous adaptation in terms of misalignment has 
been shown in [5]. The proposed technique to eliminate 
the speech input signal from the error signal is 
investigated in an AFC system when there is no 
decorrelation method in [5] and when employing the 
method in [5]. 
    

This paper is organized as follows. Section II 
describes the acoustic feedback cancellation in hearing 
aids. In Section III, the use of the forward linear 
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prediction technique in the AFC system is presented, 
followed by simulation results in Section IV. 
Comparison of the AFC system employing the forward 
linear predictor with and without the decorrelation 
method in [5] is also presented. Finally, the conclusions 
are given in Section V. 
 

2. ACOUSTIC FEEDBACK CANCELLATION 
USING ADAPTIVE FILTERS 

 
The acoustic feedback path of the air vent in the ear 
canal is usually modeled by an adaptive filter. A 
schematic diagram of the AFC system with continuous 
adaptation is illustrated in Fig. 1. The forward path of the 
hearing aids, which is denoted by the impulse response 

( )ng , can be modeled as given by 

  0( )n G�g       (1) 
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x(n)
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Figure 1: Acoustic feedback cancellation with 
continuous adaptation. 

0 10 20 30 40 50 60 70 80 90 100
-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

M
ag

ni
tu

de

Number of taps
 

Figure 2: Impulse response of an acoustic feedback path 
in the hearing aids. 
 
where G0 is an amplifying gain of the hearing-aid 
devices. In this paper, the acoustic feedback path is 
characterised by an impulse response ( )nf  of length 
L=100 and is assumed to be time-invariant f , as 
illustrated in Fig. 2. 

 
 From the block diagram of acoustic feedback 
cancellation in Fig. 1, x(n) and s(n) are the input and 
output signals of the hearing aids, respectively. The 
acoustic feedback signal is defined by  

 ( ) ( )Ty n n� f s    (2) 
where the output signal vector of length L is given by 

( ) [ ( ), ( 1), , ( 1)]Tn s n s n s n L� � � �s � . Therefore, the 
microphone signal d(n) of the hearing aids becomes 

( ) ( ) ( )d n x n y n� �    (3) 
An FIR adaptive filter of the same length L, as defined 
by 0 1 1( ) [ ( ), ( ), , ( )]TLn w n w n w n��w � , is trying to 
model the unknown acoustic feedback path f , yielding 
the estimated feedback signal ˆ( )y n , as the output signal 
of the adaptive filter. The error signal, which is the 
difference between the desired signal of the system d(n) 
and the estimated feedback signal is given by 

ˆ( ) ( ) ( )e n d n y n� �    (4) 
which is also equivalent to 
  ( ) ( ) [ ( )] ( )Te n x n n n� � �f w s    (5) 
This demonstrates that, although the adaptive filter can 
perfectly identify the acoustic feedback path, the error 
signal e(n) approaches the input speech signal x(n). The 
existence of x(n) in the error signal e(n), however, makes 
the adaptive filter not converge to true solution. Hence, 
the acoustic feedback signal in the hearing aids cannot 
be effectively eliminated. 
 

3. THE USE OF A FORWARD LINEAR 
PREDICTOR FOR INPUT SIGNAL PREDICTION 

 
In order to predict the input signal of the AFC system, the 
Forward Linear Predictor (FLP) is utilised. Let M be the 
prediction order, the input signal estimate can be found as 

1

ˆ( ) ( ) ( )
M

f
j

e n w j e n j
�

� ��    (6) 

where ,1 ,2 ,( ) [ ( ), ( ), , ( )]M T
f f f f Mn w n w n w n�w � denotes 

the prediction coefficient vector of FLP [6]. For speech 
modeling, the prediction order M varies between 2-18, 
depending on the applications [7]. 
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Figure 3: A forward linear predictor. 

 
The forward prediction error is defined by 

    2
1

( ) ( ) ( ) ( )
M

f
j

e n e n w j e n j
�

� � ��          (7) 

which can be seen as the output signal of the so-called 
prediction error filter, whose coefficients are given by 

1
,1 ,2 ,( ) 1 ( ) ( ) ( )

TM
f f f f Mn w n w n w n� � �� � � �� 	w � and 
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its input signal is e(n), as shown in Fig. 3. The prediction 
coefficients are updated at every time instant n as follows : 
        2( 1) ( ) ( ) ( )M M

f fn n n e n� � �w w k       (8) 

The Kalman gain vector is obtained from 
( )

( )
( 1) ( )T

n
n

n n

�

� �

�k
u �

   (9) 

where 
  ( ) ( 1) ( )n n n� �� P u         (10) 

The matrix 1( ) ( )n n��P � denotes the inverse of the 
autocorrelation matrix of the input signal u(n) of the FLP 

1

( ) ( 1) ( 1)
n

n i T

i

n i i
 �

�

� � ��� u u , where u(n) is an 

FLP input vector of length M. The choice of the 
forgetting factor 0 1
�� �  depends on the 
characteristics of the input signal u(n). By using the 
matrix inversion lemma [6], the inverse of the 
autocorrelation input matrix ( )nP can be found 
recursively as 

     � 
1( ) ( ) ( ) ( 1)T
Mn n n n
�� � �P I k u P      (11) 

and MI is M M�  an identity matrix. Therefore, by 
employing the FLP to prediction the input speech signal 
x(n), the modified schematic diagram of the AFC system 
will henceforth be as illustrated in Fig. 4.  
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Figure 4: The modified schematic diagram of the AFC 
system for hearing aids.  
 

The additional computational complexity required 
to implement the FLP part into the AFC system is given 
in Table 1. By considering at the number of Real 
Multiplication (RMP) per input sample, when M is the 
prediction order, the system requires an additional 
computational complexity of O(M2).  
 

4. EXPERIMENTAL RESULTS 
 
A normalised speech signal with sampling rate of 16 kHz, 
as depicted in Fig. 5, was used as the desired input signal 
x(n) of the hearing aids. In the experiment, the AFC system 
employed the Normalised Least Mean Square (NLMS) 
algorithm [6] with step-size �=0.02 for every simulations. 
The performance of the AFC system for hearing aids was 

observed via the Weight Error Vector Norm (WEVN), 
which is given by 

  
2

10 2

( )
WEVN( ) 10 log

n
n

�
� �

f w

f
      (12) 

where .  denotes the Euclidean norm of a vector.  

Figure 5: Speech input signal of the hearing aids. 

 
Figure 6: WEVN performance of the AFC system with 
various values of gain Go.  
 
Table 1: Computational complexity required by the FLP. 
 

 x +/- 

� 
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 M M 

2( 1) ( ) ( ) ( )M M
f fn n n e n� � �w w k  M M 

� 
1( ) ( ) ( ) ( 1)T
Mn n n n
�� � �P I k u P  2M2+1 2M2-M 

Total 3M2+3M+1 3M2+M 

 
With different choices of the amplifying gain G0, it 

can be seen in Fig. 6 that the conventional AFC system did 
not converged. Then, by employing the proposed modified 
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AFC system in Fig. 4 with G0=5 and M=10, the WEVN 
performance was improved in the transient period, as 
illustrated in Fig. 7. This means that the correlation 
problem of the input and output signals of the hearing aids 
still has to be alleviated. By employing the decorrelation 
method in [5] with a fixed delay of 1ms, the WEVN of the 
system reached about -6dB. Then, the combination effect 
of FLP for signal prediction and a fixed delay for signal 
decorrelation was observed. It obtained the best WEVN 
performance of -14dB in the steady state among the other 
approaches. For other values of the amplifying gain G0, 
improved performance was obtained by employing the 
modified AFC system together with the signal 
decorrelation method in [5], as shown in Fig. 8.  

 
Figure 7: Comparison of WEVN performance of the AFC 
system when G0=5.  

 
Figure 8: WEVN performance of the modified AFC 
system with the signal decorrelation in [5]. 
 

Since the error signal e(n) will be amplified and 
perceived by the hearing-aid wearers, the elimination of the 
acoustic feedback signal can be observed from the error 
signal. Fig. 9 demonstrates that the modified AFC system 
via the use of FLP can mitigate the howling effect much 
better than the conventional AFC system. Informal 
listening tests of the output signal s(n) also support the 
proposed idea, as compared to other approaches 
investigated in this paper.  

 
Figure 9: The error signals (a) e(n) in Fig. 1 and (b) e1(n) in 
Fig. 4 when G0=5.  
 

5. CONCLUSIONS 
 
The use of the RLS-type forward linear prediction is 
proposed to be employed in the AFC system in order to 
improve the performance of the acoustic feedback 
cancellation for hearing aids. By estimating the input 
speech signal of the hearing aids, the adaptive filter of 
the AFC system can identify the unknown acoustic 
feedback path more accurately than that without the 
FLP. It has also shown maximum gain of the hearing 
aids employing the proposed scheme is allowed for the 
users without causing the howling effect.  
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ABSTRACT 

 
Acoustic feedback cancellation (AFC) is necessary to 
alleviate the annoying acoustic feedback problem in 
hearing aid devices. Moreover, the dynamic range of the 
amplifying gain of the hearing aids can be enhanced, 
after the acoustic feedback elimination. This paper aims 
to improve the performance of the AFC system in 
hearing aids, particularly for the continuous adaptation 
approach of the adaptive filter. The use of higher-order 
time-varying allpass filter with the AFC system is 
proposed to decorrelate the input and the output signals 
of the hearing aids for improved performance. In 
addition, a Forward Linear Predictor (FLP) is suggested 
in this paper to be employed for the prediction of speech 
input signal of the hearing aids so that the adaptive filter 
converges more accurately. Computer simulation based 
on real speech signals demonstrates the effectiveness of 
the proposed technique. 
 

1. INTRODUCTION 
 
Hearing aid devices are used to assist the people with 
hearing problem by amplifying the sound of interest. 
However the main problem of acoustic feedback is due 
to the leakage of the amplified signal from the 
loudspeaker to the microphone of the devices via 
acoustic feedback path. This results in whistling or 
howling perceived by the hearing aid wearers, especially 
when the amplifying gain of the device is large. Thus the 
dynamic range of amplification of the hearing aids 
devices is limited unless the howling effect is eliminated. 
One way to mitigate the acoustic feedback problem is by 
the use of an Acoustic Feedback Cancellation (AFC) 
system.  

In general, the AFC system can be achieved by 
employing an adaptive filter� to estimate the acoustic 
feedback signal. There are two types of the adaptation of 
the AFC system, non-continuous adaptation [1, 2] and 
continuous adaptation [3, 4]. The non-continuous 
approaches require periodically training sequence, such 
as white noise sequence, to function the adaptive filter 
solely when the howling effect is detected. Such a 
training sequence is, however, perceived by the 
hearing-aid wearers when very high amplification gain is 
used. Thus, the non-continuous adaptation approaches 

are no longer suitable for such users. In fact, continuous 
adaptation is preferable to non-continuous one due to its 
independence of the howling detector within the hearing 
aids. Moreover, the continuous adaptation approach is 
suitable for those who do not have a severe problem with 
their hearing. 

The AFC system with continuous adaptation, 
however, encounters the problem of correlation between 
the input and the output signals of the hearing aids. This 
results in misconvergence of the adaptive filters [5]. 
Subsequently, the acoustic feedback in the hearing aids 
cannot be estimated accurately. It is found in [6] that the 
use of time-varying delay via higher-order time-varying 
allpass filters (HO-TV-APF) [7] can decorrelate the two 
signals, while causing as little degradation of the speech 
quality as possible.  

It is found in [1, 5] that a fixed delay of at least 1 
ms is required in order to decorrelate sufficiently the 
input and the output signals of the hearing aids. 
However, by considering at the case where the 
hearing-aid wearers need the device in only one ear, a 
fixed delay of 1 ms to the signal in that ear will result in 
a fixed inter-aural delay between the left-side and the 
right-side signals that exceeds the 200 �s limit [6] and 
thus destroy the stereo perception of the signals. 
Therefore, a time-varying delay via higher-order 
time-varying allpass filters (HO-TV-APF) [7] is 
proposed in this paper to be employed instead of a fixed 
delay. The amount of delay introduced to the hearing-aid 
wearers is time-varying and can be adjusted by the 
variation of the HO-TV-APF parameters so that 
adequate decorrelation level between the input and 
output signals of the devices can be obtained while 
preserving the stereo perception. 

The misconvergence of the adaptive filter is also 
caused by another problem. The existence of the speech 
input energy within the error signal of the AFC system 
disturbs the adaptation process and thus leads to the 
divergence of the adaptive filter. To eliminate the input 
speech signal from the error signal before entering into 
the adaptation process of the adaptive filter, a Forward 
Linear Prediction (FLP) [8] is proposed to be used for 
input signal prediction. As a result, more accurate 
estimation of the unknown acoustic feedback path in the 
hearing aids can be achieved.  
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2. ACOUSTIC FFFEEDBACK 
CANCELLATION   WITH CONTINUOUS 

ADAPTATION 
 

In this section, we present the acoustic feedback 
cancellation system employing a Finite Impulse 
Response (FIR) adaptive filter with continuous 
adaptation. The acoustic feedback path through the air 
vent in the ear canal is to be identified. The block 
diagram of the AFC system is illustrated in Fig. 1. The 
forward path of the hearing aids, which is denoted by an 
impulse response )n(g , can be modeled as given by  

  1
0 zG)z(G ��              (1) 

where )z(G  is the z-domain representation of )n(g , 
and 

0G  is an amplifying gain of the hearing-aid 
devices. In this paper, the acoustic feedback path is 
characterised by an impulse response, )n(f , of length L = 
100, and is assumed to be time-invariant, as illustrated in 
Fig. 2.   

� f(n)

w(n)

g(n)

�

x(n)
y(n)

y(n)
d(n)

e(n)

s(n)

-

Fig 1: An AFC system with continuous adaptation. 
 
 From the block diagram in Fig. 1, x(n) and s(n) are 
the input and output signals of the hearing aids, 
respectively. The acoustic feedback signal is defined by  

 ( ) ( )Ty n n� f s        (2) 
where the output signal vector of length L is given by 

( ) [ ( ), ( 1), , ( 1)]Tn s n s n s n L� � � �s � and f is another 
vector containing L coefficients of the acoustic feedback 
path. The microphone signal d(n) of the hearing aids 
becomes 

( ) ( ) ( )d n x n y n� �        (3) 
An FIR adaptive filter of the same length L, as defined 
by 0 1 1( ) [ ( ), ( ), , ( )]TLn w n w n w n��w � , are employed in 
order to eliminate the unknown acoustic feedback path f , 
yielding the estimated feedback signal ˆ( )y n , as the 
output signal of the adaptive filter. The error signal, 
which is the difference between the microphone signal 
and the estimated feedback signal, which is described as  

ˆ( ) ( ) ( )e n d n y n� �        (4) 
is found to be 
           ( ) ( ) [ ( )] ( )Te n x n n n� � �f w s       (5) 
It can be shown that, once the adaptive filter can 
perfectly identify the acoustic feedback path, the error 
signal e(n) approaches the input signal x(n). However, 

this also demonstrates that the existence of x(n) within 
the error signal e(n) makes the adaptive filter not 
converge to true solution. Hence, the acoustic feedback 
signal in the hearing aids cannot be effectively 
eliminated. 
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Fig 2: The impulse response of the acoustic feedback 
path in the hearing aids. 
 

3. THE PROPOSED TECHNIQUE 
 
A. The use of HO-TV-APF for signal 
decorrelation in the hearing aids. 
 
Apart from the characteristic of HO-TV-APF [7] that has 
constant magnitude response, it can also, on average, 
approximate linearity in the phase response of the 
processed signal. Thus, a constant group delay can be 
approximately obtained from time-varying group-delayed 
signal. This fact underpins minimum degradation of the 
stereo perception of the signals arriving at both ears of the 
hearing-aid users. Based on the assumption that the 
hearing-aid device is used for one ear, the inter-aural delay 
can be obtained from the group delay of the processed 
signal. The time-varying allpass filter is represented in the 
form of 
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1

1
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( , )

1 ( )

N
N i N
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i

i
i

n z z

A z n

n z
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�

�

�
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�
       (6) 

where N is the order of the allpass filter and the 
time-varying coefficients i (n)� of the allpass filter are 
updated by 
     ,int( ) ( ), 1, ,i i in r n i N� �� � � �     (7) 

Each time-varying parameter i (n)� deviates around its 

initial value of i,int (n)�  via an i.i.d. random variable 
ri(n), within the range [-Ri,Ri], indicating the maximum 
possible difference between them. The AFC system that 
employs a time-varying delay in the forward path for 
signal decorrelation is illustrated in Fig. 3.  



 ���

� ����

����

����

�

����
����

����

����

����

����

	


�	�
	���

Fig 3: An AFC system with time-varying delay in the 
forward path. 
 
B. The use of an FLP for input signal prediction. 
 
In order to predict the input signal of the AFC system, an 
FLP is utilized. Let M be the prediction order, the input 
signal estimate can be found as 

1

ˆ( ) ( ) ( )
M

f
j

e n w j e n j
�

� ��    (8) 

where ,1 ,2 ,( ) [ ( ), ( ), , ( )]M T
f f f f Mn w n w n w n�w � denotes 

the prediction coefficient vector of FLP [8]. For speech 
modeling, the prediction order M varies from 2 to 18, 
depending on the applications [9].  
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Fig 4: A forward linear predictor. 

 
The forward prediction error is defined by 

   2
1

( ) ( ) ( ) ( )
M

f
j

e n e n w j e n j
�

� � ��        (9) 

which can be seen as the output signal of the so-called         
prediction error filter, whose coefficients are given by 

1
,1 ,2 ,( ) 1 ( ) ( ) ( )

TM
f f f f Mn w n w n w n� � 	� � � �
 �w � and 

its input signal is e(n), as illustrated in Fig. 4. The 
prediction coefficients are updated at every time instant 
n as follows: 

       2( 1) ( ) ( ) ( )M M
f fn n n e n� � �w w k    (10) 

The Kalman gain vector is obtained from  

         
( )

( )
( 1) ( )T

n
n

n n�
�

� �

�k
e �

       (11) 

where 
        ( ) ( 1) ( 1)n n n� � �� P e           (12) 

and  

    
 �1( ) ( ) ( ) ( 1)T
Mn n n n��� � �P I k u P    (13)  

is the inverse of the autocorrelation matrix of the input 
signal u(n) and MI is M M�  an identity matrix. The 
choice of forgetting factor 10 ����  depend on the 
characteristics of the input signal )n(u . The modified 
schematic diagram of the AFC system employing the 
FLP is therefore illustrated in Fig. 5.  
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Fig 5: The modified schematic diagram of the AFC 
system for hearing aids. 
 

4. EXPERIMENTAL RESULTS 
 

In the experiment, a normalised speech signal with 
sampling rate of 16 kHz was used as the input signal x(n) 
of the hearing-aid devices, as depicted in Fig. 6. The 
amplifying gain of the devices, as defined in (1), was 
chosen to be G0=5 for all cases. The adaptation of the 
AFC system was controlled by employing the 
Normalised Least Mean Square (NLMS) algorithm [8] 
with step-size �=0.02 for every simulations. The Weight 
Error Vector Norm (WEVN), which is given by 

        
2

10 2

( )
WEVN( ) 10 log

n
n

�
� �

f w

f
       (14) 

where . denotes the Euclidean norm of a vector, was 

used to evaluate the performance of the AFC system. 
Fig 7. show that, with increasing order N of the 

HO-TV-APF, the decorrelation capability of the signals 
can be further improved. Suitable values of time-varying 
parameters of HO-TV-APF was carefully selected for 
sufficient decorrelation degree while preserving the 
stereo perception of the signals. Thus, in the experiment, 
HO-TV-APF with N = 3 was chosen.  

The experiment was carried out as follows. The 
proposed AFC system using both FLP and HO-TV-APF 
was compared with the conventional AFC system, the 
AFC system that used a fixed delay of 1 ms (16 samples) 
for signal decorrelation, the AFC system that used 
HO-TV-APF method, and the combination effect of FLP 
and a fixed delay. It is shown in Fig. 8 that the WEVN 
performance when using the proposed technique reached 
about –13 dB, as compared to -7 dB of the AFC system 
that used only a fixed delay of 1 ms. It is observed that 
the combination effect of FLP with two different signal 
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decorrelation methods using a fixed delay and 
HO-TV-APF yielded approximately similar level of 
acoustic feedback cancellation via the WEVN 
performance. Nevertheless, the fixed delay technique in 
[5] severely destroyed the stereo perception of the 
perceived signals.  

 
Fig. 6: Speech input signal of the hearing-aid devices. 

 
Fig���: �Comparison of WEVN performance of the APF at 
different order 

�

Fig. 8: Comparison of WEVN performance of the AFC 
system. 

 

5. CONCLUSIONS 
 
The AFC system with an FLP for input signal prediction 
and HO-TV-APF for signal decorrelation has been 
shown to obtain improved performance of acoustic 
feedback cancellation of the hearing-aid devices. The 
HO-TV-APF has preserved better stereo perception of 
the perceived signal than the 1-ms fixed delay method 
due to less amount of time-varying delay. In addition, by 
estimating the input signal of the hearing-aid devices, the 
adaptive filter of the AFC system can identify the 
unknown acoustic feedback path more accurately than 
that without the FLP. This results in enhanced dynamic 
range for the amplifying gain of the hearing-aid devices.   
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