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���T ��# �-�����
�"�������'�
��)NRd\efa) gh[YiZ) jk) ahZ) RljecaXl) 8lhj)
S[ahO)2�*�����!#�.��'�#�������-�����
�"�������'�
��'�
��)N@mjnmb)]X̂ZK
[̀\bXYi)jk)ahZ)RljecaXl)8lhj)S[ahO)'!>�.��)

AW ������������'!>��!��������,��!�����1���)N;Z[mKaX̂Z) ôfmẐZYa[aXjYO) -��
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Abstract 
This paper proposes an adaptive filtering algorithm for 
Stereophonic Acoustic Echo Cancellation (SAEC) in order 
to obtain computational complexity reduction and conver-
gence rate improvement. The hybrid mono/stereo structure 
between Fast Affine Projection (FAP) and Frequency-
domain Normalized Least Mean Square (F-NLMS) algo-
rithms is introduced, based on subband processing. Simula-
tion results on recorded speech signals suggest that conver-
gence rate can be improved at low computational cost. 

INTRODUCTION 
Most of adaptive filtering algorithms for Stereophonic 
Acoustic Echo Cancellation (SAEC) systems are processing 
in time domain, such as the two-channel Least Mean Square 
(LMS2), two-channel Recursive Least Squares (RLS2) al-
gorithms [1] – [3], etc. The tradeoff between convergence 
rate and computational complexity between LMS2 and 
RLS2 is achieved through a number of fast versions of 
RLS-type (FRLS) algorithms [4] – [6]. These algorithms, 
however, encounter the instability problem. Subband and 
frequency-domain implementations [7] – [9] are alternative 
approaches for system complexity reduction. Via the use of 
the decimation process, the sampling rate in each frequency 
band can be reduced. The number of adaptive filter taps in 
each subband is D times smaller than the fullband ones 
when D represents a decimation factor. Thus, lower compu-
tational complexity than the conventional SAEC systems 
can be achieved. In contrast to the fullband system, the ei-
genvalue spread of the autocorrelation input matrix, R, in 
each subband can be reduced by processing the input signal 
into M subbands. Hence, faster convergence rate can poten-
tially be obtained. In addition, block-based adaptation of 
the frequency-approach usually employs fast Fourier Trans-
form (FFT) algorithm for computational efficiency.  
A hybrid structure employing subband and frequency-
domain processing is proposed in this paper. The proposed 
technique is based on the investigation of the hybrid 
mono/stereo structure in [10] for further improvement on 
the performance of the SAEC system, in terms of conver-
gence rate, while keeping the computational complexity 
lower than the conventional fullband approach. For fast 
convergence speed, the proposed technique employs the 
two-channel version of the Fast Affine Projection (FAP2) 
algorithm [11]. In high-frequency regions, the frequency-
domain version of mono-channel Normalized Least Mean 

Square (F-NLMS) algorithm is chosen for lowering the 
computational complexity of the SAEC system, as com-
pared to the conventional one. The Mean Square Error 
(MSE) in each subband is used as a criterion for algorithm 
selection between FAP2 and F-NLMS.  

THE HYBRID STRUCTURE FOR SAEC SYSTEM 

A. Hybrid Mono/Stereo AEC in [10] 
Based on the psychoacoustical principle that stereo effect is 
due mostly to sound energy below about 1 kHz, two AEC 
systems are differently applied to low-frequency and high-
frequency signals. The FRLS2 algorithm [5] is employed in 
the low-frequency subbands (100-900 Hz) in order to ob-
tain fast convergence rate, when the sampling frequency (fs) 
is 16 kHz. In addition, a decimation factor, D, is applied to 
each channel for further complexity reduction of the SAEC 
system. The sum of the stereo signals is highpass filtered 
(900-8000 Hz) to obtain mono-channel signal since little 
amount of speech signal energy is contained in the high-
frequency region. The mono-channel NLMS algorithm is 
employed for complexity reduction, as compared to the 
conventional SAEC system that normally employs two-
channel algorithms. Note that, the non-linear transformation 
(NL) is included in each channel in order to decorrelate 
partially the low-frequency stereo signals [10]. 

B. The Proposed Hybrid Structure for SAEC 
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Figure 1. Frequency response of a speech signal x1(n)  
(sampling frequency is fs = 16 kHz). 

By considering at the magnitude response of one channel of 
stereo speech signals with fs = 16 kHz, as shown in Fig. 1, 
its significant energy is contained in frequencies below 2 
kHz, and gradually decreases when the frequency reaches 
beyond 4 kHz. According to speech energy in each sub-
band, adaptive filtering algorithms can be chosen to be em-
ployed in each subband differently. Algorithms with fast 
convergence rate should be applied to the particular sub-
bands which contain the most significant amount of spectral 
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density of speech inputs. On the other hand, algorithms with 
slow convergence rate, but with lower computational com-
plexity, can be employed to those subbands with less spec-
tral density of speech signal in order to reduce the computa-
tional complexity of the overall system.  
The criterion for selection of fast or slow convergence rate 
adaptive filtering algorithms to be processed in each sub-
band is suggested in this paper to be the average version of 
the MSE in each subband. For example, with the choice of 
M = 8 number of subbands, the MSE plots for each sub-
bands are illustrated in Figure 2, when all subbands employ 
the two-channel NLMS (NLMS2) algorithm. It can be seen 
that, the MSE levels in band 0 up to band 3 are higher than 
those in band 4 to band 7. The threshold level of MSE crite-
rion is chosen to be equal to -30 dB, whose magnitude is the 
output Signal-to-Noise Ratio (SNR) level of the added 
background noise at ‘Mic1’ in all simulations. For this par-
ticular case, the first 4 subbands will employ adaptive algo-
rithms with fast convergence rate since the MSE values are 
greater than the selected threshold level. On the other hand, 
the adaptive algorithms with slower convergence rate but 
with lower complexity than the one chosen for the low-
frequency subbands are operated in the last 4 bands.  
In the proposed hybrid structure, the algorithm with fast 
convergence rate is chosen to be the two-channel version of 
the Fast Affine Projection (FAP2) [11]. The faster speed of 
convergence of FAP2 can be obtained by increasing the 
projection order, p. However, very high projection order 
results in large computational complexity of the SAEC sys-
tem. For the low complexity adaptive algorithm employed 
in the high-frequency region, the mono-channel version of 
frequency-domain Normalized Least Mean Square (F-
NLMS) algorithm is suggested, instead of the mono-
channel NLMS algorithm as chosen in the hybrid structure 
in [10]. Hence,  

 
Figure 2. The MSE values of each subband (M = 8). 
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Figure 3. Frequency response of the proposed AFB. 

�

Figure 4.��The proposed hybrid structure for SAEC. 

the proposed structure for SAEC can achieve faster conver-
gence rate than the fullband one. Moreover, the computa-
tional complexity of the proposed hybrid structure should 
be lower than the subband SAEC system that employs two-
channel algorithms in all subbands. 
The Analysis Filter Bank (AFB) with slightly overlapping 
frequency responses, as depicted in Figure 3, is employed 
for splitting the input signals in each channel, xi(n) for i = 
1,2. Additionally, another AFB is needed for the micro-
phone signal in the receiving room, d(n). With the chosen 
threshold level, the frequency responses of AFBs for low-
frequency (0 – 4 kHz) signals, )(zGi , for 1,,1,0 �� Mi � , 
are as depicted in Figure 3. Note that )(0 zG is the prototype 
filter of AFB and other filters are obtained via the fre-
quency-shifting method [12]. The decimation factor in the 
first 4 subbands is D1 = 2M where M = 4 subbands. The 
frequency response ( )HG z  for the signals with higher fre-
quencies than 4 kHz is a half-band highpass filter. In this 
final subband, the decimation factor is D2 = 2. The block 
diagram of the proposed system is given in Figure 4. 

COMPUTATIONAL COMPLEXITY ANALYSIS 
In this section, the computational complexity in mono-
channel version of each algorithm, in terms of the number 
of real multiplications per input sample (RMPs) and num-
ber of additions and subtractions, is given in Table 1 - 4. 
The adaptive filter length is chosen to be L whereas tapN �

denotes the length of the prototype filter of AFB. The di-
agonal matrix of the step-size parameter of F-NLMS is rep-
resented by )(kM and the block size of F-NLMS is L2N � . 
Note that, in this paper, the two-channel Fast Least Squares 
(FLS2) [4] is used for the implementation of the hybrid 
structure in [10]. 

EXPERIMENTAL RESULTS 
Speech signals, sampled at 16 kHz, were normalized to 
have zero mean and unity variance, as depicted in Figure 5, 



 
���

and used as the input signals )(1 nx  and )(2 nx  of the stereo 
teleconferencing system. The acoustic echo signals due to 
AEPs in the receiving room that were assumed to be time-
invariant, were obtained as the convolution sum between 
the input signals and the L-tap impulse responses h1(n) and 
h2(n). The 30 dB SNR of background noise, that was as-
sumed to be of zero-mean and uncorrelated with both input 
signals, was added to the microphone signal in the receiving 
room. The length of adaptive filter was chosen to be L = 
2048 for both AEC and SAEC parts. Note that, the adaptive 
filter length in each of the first 4 subbands and the final 
subband was equal to D1 and D2 respectively, where 

64N tap � . 

For comparison, the performance of adaptive filters 
was evaluated in terms of Echo Return Loss Enhancement 
(ERLE), given by  
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First, the performance of the SAEC system with fullband 
structure employing FAP2 with p = 2 and FLS2 are investi-
gated. It is shown in Figure 6 that FAP2 obtains superior 
performance than FLS2, both in terms of faster convergence 
rate and lower computational complexity. (see Table 5). 
The proposed hybrid structure is subsequently investigated, 
when fs = 16 kHz. The hybrid structure in [10] employs 
FLS2 in the first subband (0 – 1 kHz) and the mono-channel 
NLMS in the other subbands (1 – 8 kHz). The MSE value 
in each subband is calculated and compared with the 
threshold level of 30 dB. By employing FAP2 in the first 
subband of the proposed structure, it is found that all MSE 
values in the first 4 subbands are greater than the selected 
threshold. Hence, FAP2 is employed in the first 4 subbands. 
For this case, the overall system obtains much faster con-
vergence rate than the conventional SAEC system, employ-
ing fullband NLMS2, as demonstrated in Figure 7. The 
computational complexity is, however, greater than the 
conventional system. As compared to the hybrid structure in 
[10], similar performance in terms of convergence rate can 
be obtained, but the proposed technique gives larger com-
plexity. Therefore, as a compromise between complexity 
and convergence speed performance of the system, FAP2 is 
only employed in the first subband whereas the two-channel 
F-NLMS (F-NLMS2) algorithm is used in the other sub-
bands that MSE criterion is met, despite its inferior conver-
gence rate. The ERLE performance is similar to that in 
[10], and is faster than the conventional system employing 
NLMS2, as shown in Figure 8. The computational com-
plexity of the proposed structure in this case is the lowest 
among other investigated technique. The computational 
complexity of each algorithm for all cases is given in Table 
5, when 1 division is equivalent to 16 RMPs [8],� and 

)Inv(M 22	 equals to 22 RMPs and 1 addition. 

Table 1. Fast Least Squares (FLS) 

available at time: n 

 

 

adaptive filter: w(n), forward prediction: 
A(n), backward prediction: B(n), data 
vector: X(n), adaptation gain: G(n), 
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Figure 5. Speech input signals. 
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Figure 6. ERLE performance of fullband SAEC system. 
(1) FLS2 (Ea(0)=1300, W=1) and (2) FAP2 (p = 2,�=0.5) 
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Figure 7. Comparison of ERLE performance: (1) pro-
posed method (FAP2 : p=2, �=0.2, F-NLMS: �=0.02)  

(2) hybrid one in [10] (3) fullband SAEC (NLMS2: �=0.3) 
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Fig. 8: Comparison of ERLE performance: (1) proposed 

method (FAP2 : p=2, �=0.2, F-NLMS2 and F-NLMS: �=0.02) 
(2) hybrid one in [10] (3) fullband SAEC (NLMS2: �=0.3) 

CONCLUSIONS 
A hybrid structure between FAP2 and F-NLMS algorithms, 
based on subband processing, has been proposed for SAEC. 
Simulation results based on speech signals indicate im-

proved performance of the proposed technique in terms 
of convergence rate and computational complexity reduc-
tion, as compared to the fullband structure. Without any 
signal decorrelation technique, the stereo perception of the 
loudspeaker signals in the receiving room is not degraded. 

Table 5. Computational complexity of each algorithm 
Adaptive Filter�Algorithm� : �	 /  �� /  

a. Fullband FLS2� 36904 36867 
b. Fullband FAP2 (p = 2)� 32822 32768 
c. Fullband NLMS2 8230 8198 
d. [10] : FLS2 (0 – 1 kHz) + NLMS��(1 – 8 kHz)� 8551 8452 
e. Proposed: FAP2 (p = 2) (0 – 4 kHz) +  
    F-NLMS (4 – 8 kHz) 

18054 17658 

f. Proposed: FAP2 (p = 2) (0 – 1 kHz) + 
   F-NLMS2 (1 – 4 kHz) + F-NLMS (4 – 8 kHz) 

6518 5454 
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 Abstract 
This paper proposes an adaptive filtering algo-

rithm for Stereophonic Acoustic Echo Cancellation 
(SAEC) in order to obtain computational complexity re-
duction and convergence rate improvement. The hybrid 
mono/stereo structure between Fast Affine Projection 
(FAP) and Frequency-domain Normalized Least Mean 
Square (F-NLMS) algorithms is introduced, based on 
subband processing. Simulation results on recorded 
speech signals suggest that convergence rate can be im-
proved at low computational complexity. 
 
Keywords: stereophonic acoustic echo cancellation, 

subband filtering, fast affine projection 

1. General Information 
Most of adaptive filtering algorithms for Stereo-

phonic Acoustic Echo Cancellation (SAEC) systems are 
processing in time domain, such as the two-channel Least 
Mean Square (LMS2), two-channel Recursive Least 
Squares (RLS2) algorithms [1] – [3], etc. The tradeoff 
between convergence rate and computational complexity 
between LMS2 and RLS2 is achieved through a number 
of fast versions of RLS-type (FRLS) algorithms [4] – [6]. 
These algorithms, however, encounter the instability prob-
lem. Subband and frequency-domain implementations [7] 
– [9] are alternative approaches for system complexity 
reduction. Via the use of the decimation process, the sam-
pling rate in each frequency band can be reduced. The 
number of adaptive filter taps in each subband is D times 
smaller than the fullband ones when D represents a deci-
mation factor. Thus, lower computational complexity than 
the conventional SAEC systems can be achieved. In con-
trast to the fullband system, the eigenvalue spread of the 
autocorrelation input matrix, R, in each subband can be 
reduced by processing the input signal into M subbands. 
Hence, faster convergence rate can potentially be ob-
tained. In addition, block-based adaptation of the fre-
quency-approach usually employs fast Fourier Transform 
(FFT) algorithm for computational efficiency.  

A hybrid structure employing subband and fre-
quency-domain processing is proposed in this paper. The 
proposed technique is based on the investigation of the 
hybrid mono/stereo structure in [10] for further improve-
ment on the performance of the SAEC system, in terms of 
convergence rate, while keeping the computational com-
plexity lower than the conventional fullband approach. 
For fast convergence speed, the proposed technique em-
ploys the two-channel version of the Fast Affine Projec-
tion (FAP2) algorithm [11]. In high-frequency regions, the 

frequency-domain version of mono-channel Normalized 
Least Mean Square (F-NLMS) algorithm is chosen for 
lowering the computational complexity of the SAEC sys-
tem, as compared to the conventional one. The Mean 
Square Error (MSE) in each subband is used as a criterion 
for algorithm selection between FAP2 and F-NLMS.�

2. The Hybrid Structure for SAEC System 

2.1 Hybrid Mono/Stereo AEC in [10] 
Based on the psychoacoustical principle that ste-

reo effect is due mostly to sound energy below about 1 
kHz, two AEC systems are differently applied to low-
frequency and high-frequency signals. The FRLS2 algo-
rithm [5] is employed in the low-frequency subbands 
(100-900 Hz) in order to obtain fast convergence rate, 
when the sampling frequency (fs) is 16 kHz. In addition, a 
decimation factor, D, is applied to each channel for further 
complexity reduction of the SAEC system. The sum of the 
stereo signals is highpass filtered (900-8000 Hz) to obtain 
mono-channel signal since little amount of speech signal 
energy is contained in the high-frequency region. The 
mono-channel NLMS algorithm is employed for complex-
ity reduction, as compared to the conventional SAEC sys-
tem that normally employs two-channel algorithms. Note 
that, the non-linear transformation (NL) is included in 
each channel in order to decorrelate partially the low-
frequency stereo signals [10]. 

2.2 The Proposed Hybrid Structure for SAEC 
By considering at the magnitude response of one 

channel of stereo speech signals with fs = 16 kHz, as 
shown in Fig. 1, its significant energy is contained in fre-
quencies below 2 kHz, and gradually decreases when the 
frequency reaches beyond 4 kHz. According to speech 
energy in each subband, adaptive filtering algorithms can 
be chosen to be employed in each subband differently. 
Algorithms with fast convergence rate should be applied 
to the particular subbands which contain the most signifi-
cant amount of spectral density of speech inputs. On the 
other hand, algorithms with slow convergence rate, but 
with lower computational complexity, can be employed to 
those subbands with less spectral density of speech signal 
in order to reduce the computational complexity of the 
overall system.  

The criterion for selection of fast or slow con-
vergence rate adaptive filtering algorithms to be processed 
in each subband is suggested in this paper to be the aver-
age version of the MSE in each subband. For example, 
with the choice of M = 8 number of subbands, the MSE 
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plots for each subbands are illustrated in Fig. 2, when all 
subbands employ the two-channel NLMS (NLMS2) algo-
rithm. It can be seen that, the MSE levels in band 0 up to 
band 3 are higher than those in band 4 to band 7. The 
threshold level of MSE criterion is chosen to be equal to -
30 dB, whose magnitude is the output Signal-to-Noise 
Ratio (SNR) level of the added background noise at 
‘Mic1’ in all simulations. For this particular case, the first 
4 subbands will employ adaptive algorithms with fast con-
vergence rate since the MSE values are greater than the 
selected threshold level. On the other hand, the adaptive 
algorithms with slower convergence rate but with lower 
complexity than the one chosen for the low-frequency 
subbands are operated in the last 4 bands.  
 In the proposed hybrid structure, the algorithm 
with fast convergence rate is chosen to be the two-channel 
version of the Fast Affine Projection (FAP2) [11]. The 
faster speed of convergence of FAP2 can be obtained by 
increasing the projection order, p. However, very high 
projection order results in large computational complexity 
of the SAEC system. For the low complexity adaptive 
algorithm employed in the high-frequency region, the 
mono-channel version of frequency-domain Normalized 
Least Mean Square (F-NLMS) algorithm is suggested, 
instead of the mono-channel NLMS algorithm as chosen 
in the hybrid structure in [10]. Hence, the proposed struc-
ture for SAEC can achieve faster convergence rate than 
the fullband one. Moreover, the computational complexity 
of the proposed hybrid structure should be lower than the 
subband SAEC system that employs two-channel algo-
rithms in all subbands. 

0 1000 2000 3000 4000 5000 6000 7000 8000
-100

-50

0

50

100

Frequency (Hz)

M
ag

ni
tu

de
 (d

B
)

�

Fig. 1: Frequency response of a speech signal )(1 nx  
(sampling frequency is fs = 16 kHz). 

 
Fig. 2: The MSE values of each subband (M = 8).  
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Fig. 3: Frequency response of the proposed AFB. 
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Fig. 4:��The proposed hybrid structure for SAEC. 
 
The Analysis Filter Bank (AFB) with slightly 

overlapping frequency responses, as depicted in Fig. 3, is 
employed for splitting the input signals in each channel, 
xi(n) for i = 1,2. Additionally, another AFB is needed for 
the microphone signal in the receiving room, d(n). With 
the chosen threshold level, the frequency responses of 
AFBs for low-frequency (0 – 4 kHz) signals, )(zGi , for 

1,,1,0 �� Mi � , are as depicted in Fig. 3. Note that 
)(0 zG is the prototype filter of AFB and other filters are 

obtained via the frequency-shifting method [12]. The deci-
mation factor is D1 = 2M where M = 4 subbands. The fre-
quency response ( )HG z  for the signals with higher fre-
quencies than 4 kHz is a half-band highpass filter. In this 
final subband, the decimation factor is D2 = 2. The block 
diagram of the proposed system is given in Fig. 4. 

3. Computational Complexity Analysis 
In this section, the computational complexity in 

mono-channel version of each algorithm, in terms of the 
number of real multiplications per input sample (RMPs) 
and number of additions and subtractions, is given in the 
Table 1 - 4. The adaptive filter length is chosen to be L 
whereas tapN �denotes the length of the prototype filter of 
AFB. The diagonal matrix of the step-size parameter of F-
NLMS is represented by )(kM and the block size of F-
NLMS is L2N � . Note that, in this paper, the two-
channel Fast Least Squares (FLS2) [4] is used for the im-
plementation of the hybrid structure in [10]. 

4. Experimental Results 
Speech signals, sampled at 16 kHz, were normal-

ized to have zero mean and unity variance, as depicted in 
Fig. 5, and used as the input signals )(1 nx  and )(2 nx  of 
the stereo teleconferencing system. The acoustic echo 
signals due to AEPs in the receiving room that were as-
sumed to be time-invariant, were obtained as the convolu-
tion sum between the input signals and the L-tap impulse 
responses h1(n) and h2(n). The 30 dB SNR of background  
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Fig. 5: Speech input signals. 

 
noise, that was assumed to be of zero-mean and uncorre-
lated with both input signals, was added to the micro-
phone signal in the receiving room. The length of adaptive 
filter was chosen to be L = 2048 for both AEC and SAEC 
parts. Note that, the adaptive filter length in each of the 
first 4 subbands and the final subband was equal to D1 and 
D2 respectively, where 64N tap � . 

For comparison, the performance of adaptive fil-
ters was evaluated in terms of Echo Return Loss En-
hancement (ERLE), given by 
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The proposed hybrid structure is subsequently 
investigated, when fs = 16 kHz. The hybrid structure in 
[10] employs FLS2 in the first subband (0 – 1 kHz) and 
the mono-channel NLMS in the other subbands (1 – 8 
kHz). The MSE value in each subband is calculated and 
compared with the threshold level of 30 dB. By employing 
FAP2 in the first subband of the proposed structure, it is 
found that all MSE values in the first 4 subbands are 
greater than the selected threshold. Hence, FAP2 is em-
ployed in the first 4 subbands. For this case, the overall 
system obtains much faster convergence rate than the 
conventional SAEC system, employing fullband NLMS2, 
as demonstrated in Fig. 6. The computational complexity 
is, however, greater than the conventional system. As 
compared to the hybrid structure in [10], similar perform-
ance in terms of convergence rate can be obtained, but the 
proposed technique gives larger complexity. Therefore, as 
a compromise between complexity and convergence speed 
performance of the system, FAP2 is only employed in the 
first subband whereas the two-channel F-NLMS (F-
NLMS2) algorithm is used in the other subbands that 
MSE criterion is met, despite its inferior convergence rate. 
The ERLE performance is similar to that in [10], and is 
faster than the conventional system employing NLMS2, 
as shown in Fig. 7. The computational complexity of the 
proposed structure in this case is the lowest among other 
investigated technique. The computational complexity of 
each algorithm for all cases is given in Table 5, when 1 
division is equivalent to 16 RMPs [8],� and 

)Inv(M 22	 equals to 22 RMPs and 1 addition. 

Table 1: Fast Least Squares (FLS) 

available at time: n 
 
 

adaptive filter: w(n), forward predic-
tion: A(n), backward prediction: B(n), 
data vector: X(n), adaptation gain: 
G(n), prediction error energy: Ea(n), 
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Adaptive Filter : �	 /  �� /  

FFT/IFFT � NlogN5 2  )1N(5 � �

))X(W()(D)(E kkkk ��  4N  N  

)()(
)(

)(
)()1( H

2
kk

k

k
kk EX

X

MWW
�

���
�

 
1div)N(12�  N  

Table 5: Computational Complexity of each algorithm 
Adaptive Filter�Algorithm� : �	 /  �� /  

a. Fullband FLS2� 36904 36867 
b. Fullband FAP2 (p = 2)� 32822 32768 
c. Fullband NLMS2 8230 8198 
d. [10] : FLS2 (0 – 1 kHz) + NLMS��(1 – 8 kHz)� 8551 8452 
e. Proposed: FAP2 (p = 2) (0 – 4 kHz) +  
    F-NLMS (4 – 8 kHz) 

18054 17658 

f. Proposed: FAP2 (p = 2) (0 – 1 kHz) + 
   F-NLMS2 (1 – 4 kHz) + F-NLMS (4 – 8 kHz) 

6518 5454 
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Fig. 7: Comparison of ERLE performance: (1) 

proposed method (FAP2 : 2�p , 2.0�� , F-NLMS2 and 
F-NLMS: 02.0�� ) (2) hybrid one in [10] (3) fullband 

SAEC (NLMS2: 3.0�� ) 

5. Conclusions 
A hybrid structure between FAP2 and F-NLMS algo-
rithms, based on subband processing, has been proposed 
for SAEC. Simulation results based on speech signals 
indicate improved performance of the proposed technique 
in terms of convergence rate and computational complex-
ity reduction, as compared to the fullband structure. With-
out any signal decorrelation technique, the stereo percep-
tion of the loudspeaker signals in the receiving room is not 
degraded. 
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Abstract—An adaptive filtering approach is proposed in this 
paper for Stereophonic Acoustic Echo Cancellation (SAEC) in 
order to obtain convergence rate improvement and 
computational complexity reduction. The hybrid mono/stereo 
structure between Fast Affine Projection (FAP) and Frequency-
domain Normalized Least Mean Square (F-NLMS) algorithms is 
introduced, based on subband adaptive filtering. Simulation 
results on speech signals suggest that enhanced performance in 
terms of rate of convergence can be achieved at low 
computational cost. 

I.  INTRODUCTION 

In two-channel voice communication systems, such as 
stereo teleconferencing systems, which provide better 
localization of talkers to audiences in the receiving room than 
the mono-channel systems, Stereophonic Acoustic Echo 
Cancellation (SAEC) is generally needed. In an SAEC system, 
as illustrated in Figure 1., four Finite Impulse Response (FIR) 
adaptive filters are normally employed to identify four 
impulse responses of unknown acoustic echo paths (AEPs) 
[1]. In this paper, the elimination of acoustic echo due to two 
AEPs between a pair of loudspeakers and one microphone 
(Mic1) in the receiving room are considered.   

Having the highly correlated input signals, such as speech 
signals, the SAEC system usually obtains slow convergence 
rate, especially when employing the two-channel Least Mean 
Square (LMS2) algorithm. This is due to the fact that the 
LMS2 algorithm is sensitive to the condition number of the 
autocorrelation input matrix, R [2]. Although the two-channel 
Recursive Least Squares (RLS2) algorithm is well-known to 
obtain very fast initial convergence rate in a stationary and 
low-noise environment, due to its convergence rate being 
essentially independent of the condition number of R, its high 
computational complexity is, however, unsuitable for low-cost 
and real- time implementation [3]. Several fast versions of 
RLS-type algorithms have been proposed with lower 
complexity than RLS2 [4] – [6]. However, most of these 
algorithms might encounter the instability and slow 
convergence rate. Alternatively, an approach to reduce the 
computational complexity of the SAEC system is via the use 
of subband adaptive filtering [7], [8]. Due to the parallel 
processing of the input signals into small frequency subbands 
together with the decimation process, tap weights of adaptive  
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Figure 1. A diagram for Stereophonic Acoustic Echo Cancellation. 

 
filters in each subband can be reduced, thus complexity 
reduction is obtained. Moreover, by dividing the input signals 
into small subbands, the eigenvalue spread of R in each 
subband can be reduced, as compared to that of the fullband 
signals. Hence, faster convergence rate of the subband SAEC 
system than the conventional one is possible. Similarly, 
frequency-domain adaptive filtering, based on block 
processing, also offers complexity reduction, as compared to 
time-domain implementation. This is due to the Fast Fourier 
Transform (FFT) algorithm being normally employed for 
computational efficiency [9].  

Unlike the Acoustic Echo Cancellation (AEC), strong 
correlation between the transmitted stereo signals within the 
SAEC system, however, prevents the two adaptive filters from 
identifying the two AEPs in the receiving room uniquely and 
correctly. Several techniques have been proposed to partially 
decorrelate the stereo signals so that the misalignment of the 
adaptive filters can be reduced. However, the distortion of 
stereo perception is another severe concern to degrade the 
quality of stereo signals. One example of the stereo 
decorrelation techniques is non-linear(NL)transformation [10]. 

Based on the observation that the stereo effect is due 
mostly to speech energy below about 1 kHz, the hybrid 
mono/stereo structure for SAEC is proposed in [11] to 
improve the performance of SAEC system, with lower 
computational complexity than the fullband system. From the 
advantages of the Fast Affine Projection (FAP) algorithm [12] 
that convergence rate can be improved by increasing the 
projection order, it is therefore proposed in this paper another 
hybrid structure for SAEC, based on subband adaptive 
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filtering. The low-frequency speech signals employ the two-
channel FAP (FAP2) algorithm for fast rate of convergence. In 
higher frequency-region, many combinations of AEC and 
SAEC employing the frequency-domain Normalized Least 
Mean Square (F-NLMS) algorithms are investigated in order 
to obtain the best performance in terms of convergence rate, 
with the compromise of low complexity. Without any signal 
decorrelation technique, our proposed structure yields better 
performance in terms of convergence rate than the hybrid 
structure in [11]. Thus, the stereo perception of the received 
signals in the receiving room is not degraded.  

This paper is organized as follows. Section II described the 
proposed structure for SAEC system, as compared to the 
hybrid mono/stereo one in [11]. Details of computational 
complexities of each algorithm involved in this paper are given 
in Section III, followed by simulation results in Section IV. 
Finally, the conclusions are given in Section V. 

II. THE PROPOSED SAEC SYSTEM 

First, the hybrid mono/stereo AEC [11] is summarized in 
section A. The proposed structure for SAEC is then presented 
in section B. 

A. Hybrid mono/stereo AEC in [11] 
Due to the existence of most of the energy in speech 

signals at frequencies below 1 kHz, two AEC systems are 
differently applied to low-frequency and high-frequency 
signals. With the sampling frequency (fs) of 16 kHz, the stereo 
signals are lowpass filtered (100-900 Hz) and a fullband 
SAEC system is employed. The adaptive filtering algorithm 
chosen for the SAEC part is one of the fast versions of two-
channel RLS (FRLS2) [5] in order to obtain fast convergence 
rate and hence, the acoustic echo signal can be eliminated 
efficiently. In addition, a decimation factor, D, is applied to 
each channel of the stereo signals for further complexity 
reduction of the SAEC system. 

 
Figure 2. Hybrid Mono/Stereo AEC in [11] 

For the high-frequency stereo signals, which contain less 
speech energy than the low-frequency ones, the mono-channel 

signal is obtained from the highpass filtered (900-8000 Hz) of 
the sum of both stereo signals. The Normalized LMS (NLMS) 
algorithm is employed as the conventional AEC part to 
decrease the complexity of the overall system. The block 
diagram of the hybrid mono/stereo AEC system is shown in 
Figure 2. Note that, the NL transformation is added to stereo 
signals in each low-frequency channel for stereo signal 
decorrelation. 

B. The proposed hybrid structure for SAEC 
In this section, the main features of the proposed hybrid 

structure for SAEC are described. By considering at the 
magnitude response of a speech signal of fs = 16 kHz in 
Figure3., it can be seen that its significant energy is contained 
in the low frequencies below 1 kHz, and gradually decreases 
to 0 dB when the frequency reaches around 4 kHz . Hence, by 
dividing the input signals into small frequency subbands and 
processing each subband differently, e.g. using different 
adaptive filtering algorithms, the convergence rate can be 
improved while reducing the complexity of the overall system. 
Hence, three analysis filter banks (AFB) are required; two 
AFBs for the input signals in each channel, xi(n) for i = 1,2, 
and one AFB for the microphone signal in the receiving room, 
d(n). The AFBs for low-frequency (0 – 4 kHz) signals have 
their frequency response )(zGi , for 1,,1,0 �� Mi � , where M 
is the number of subbands, as depicted in Figure 4. Note 
that )(0 zG is the prototype filter of AFB and other filters are 
obtained via the frequency-shifting method [13]. The final 
subband, which contains the signals in frequencies higher than 
4 kHz, is obtained using a half-band highpass filter with 
frequency response ( )HG z . In order to fit the most significant 
part of spectral density of speech input signal into the first 
subband, the low-frequency signals are divided into M = 4 
subbands. Thus, band 0, band 1, …, band 4 are sometimes 
used to refer to these subbands. Since, band 1 (1 – 2 kHz) still 
contains significant energy of speech signals, less number of 
subbands, e.g. M = 2, is also investigated in Section IV to see 
if the performance of the SAEC system can be further 
obtained.   

 

0 1000 2000 3000 4000 5000 6000 7000 8000
-100

-50

0

50

100

Frequency (Hz)

M
ag

ni
tu

de
 (d

B
)

�

Figure 3. Frequency response of a speech signal )(1 nx ( fs = 16 kHz).   

 

0

)(G 0 n

84

1
)(G1 n )(G 1 nM � )(G nH

 
Figure 4. Frequency response of the proposed AFB. 



 93 

 
Figure 5.��The proposed hybrid structure for SAEC 

 
The adaptive filtering algorithm with very fast 

convergence rate is suggested to be employed for frequency 
subbands with high-dense speech spectral content. Thus, the 
two-channel FAP (FAP2) algorithm is employed in band 0. 
The faster speed of convergence of FAP2 can be obtained by 
increasing the projection order, p. However, the higher the 
order p, the more computational complexity of the SAEC 
system. As a compromise between complexity and 
convergence speed performance of the system, those M-1 
subbands below 4 kHz employ the two-channel F-NLMS (F-
NLMS2) algorithm. This is due to the fact that F-NLMS2 has 
lower computational complexity than that of FAP2 despite its 
inferior convergence rate. The decimation factor in the first M 
subbands is D1 = 2M. 

The stereo signals in the final subband of frequencies 
higher than 4 kHz are combined together since they contain 
negligible amount of speech spectra. The mono-channel F-
NLMS algorithm is employed in this subband. This yields 
further complexity reduction of the overall system. In this final 
subband, the decimation factor is D2 = 2. The block diagram of 
the proposed system is given in Figure 5. 

III. ADAPTIVE FILTER ALGORITHMS AND COMPUTATIONAL 
COMPLEXITIES 

In this section, the computational complexity of each 
algorithm in mono-channel version, in terms of the number of 
real multiplications per input sample (RMPs) and number of 
additions and subtractions, is given in the following tables. 
The adaptive filter length is chosen to be L whereas tapN �

denotes the length of prototype filter of AFB. The diagonal 
matrix of the step-size of F-NLMS is represented by )(kM and 
the block size of the F-NLMS algorithm equals to L2N � . 
Note that, in this paper, the two-channel Fast Least Squares 
(FLS2) [4] is used for the implementation of the hybrid 
structure in [11] instead of FRLS2. 
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IV. EXPERIMENTAL RESULTS 

Speech signals, sampled at 16 kHz, were normalized to 
have zero mean and unity variance, and used as the input 
signals )(1 nx  and )(2 nx  of the stereo teleconferencing 
system, as depicted in Figure 6. The acoustic echo signals due 
to AEPs h1(n) and h2(n) in the receiving room that were 
assumed to be time-invariant, was obtained as the convolution 
sum between the input signals and the L-tap h1(n) and h2(n). 
The background noise that was assumed to be of zero-mean 
and uncorrelated with )(1 nx  and )(2 nx was added to the 

microphone signal in the receiving room, )(nd , with the 
output Signal-to-Noise Ratio (SNR) of 30 dB. The length of 
adaptive filter was chosen to be L = 2048 for both AEC and 
SAEC parts. Note that, the adaptive filter length in the first M 
subbands and the final subband was equal to L/D1 and L/D2 
respectively, where 64N tap � .  

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
4

-10

-5

0

5

10

Sample Numbers

M
ag

ni
tu

de
 x

1(n
)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
4

-10

-5

0

5

10

M
ag

ni
tu

de
 x

2(n
)

Sample Numbers

 
Figure 6. Speech Input Signals. 

For comparison, the performance of adaptive filters was 
evaluated in terms of Echo Return Loss Enhancement (ERLE), 
given by  
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where Nj was a small block to calculate the average. 

First, by considering at the fullband structure of SAEC, it 
was found that FAP2 with p = 2, obtained faster convergence 
rate than FLS2, as shown in Figure 7. Moreover, the 
computational complexity of FAP2 was less than that of FLS2 
(see Table V). 

Then, for all cases of the proposed technique, F-NLMS was 
employed for the AEC part in the final subband. Due to the 
existence of speech energy in the interval of 1 – 3 kHz, i.e. band 
1 to band 3, three cases were observed for different 
combinations of AEC and SAEC employing F-NLMS and F-
NLMS2, respectively. Case I, M = 4 and the decimation factor 
was D1 = 8, FAP2 with p = 2 was employed in band 0 while F-
NLMS2 was employed in each subband from band 1 to band 3. 

Case II, M = 2 and D1 = 4, band 0 employed FAP2 and band 1 
employed F-NLMS2. Case III was similar to Case II apart from 
that the projection order was increased to be p = 3. These cases 
were compared with the hybrid structure in [11] with D=8, 
where FLS2 was employed in band 0, and the mono-channel 
NLMS was used in the high-frequency band (1 – 8 kHz). (see 
Table V:c) Moreover, the hybrid structure with larger low-
frequency region was investigated when D=4. (see Table V:d) 

For Case I, the proposed structure yields faster 
convergence rate than the hybrid one in [11], as shown in 
Figure 8. In addition, the computational complexity of the 
proposed method is lower than that in [11]. (see Table V:c and 
V:e) Again, for Case II, improvement in terms of convergence 
rate and computational complexity of the proposed structure is 
obtained, as compared to that in [11]. (Table V:d and V:f). This 
is illustrated in Figure 9. In addition, the convergence 
performance of Case II is better than Case I due to the use of 
FAP2 in longer duration (0 - 2 kHz) than in Case I (0 - 1 kHz).  
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Figure 7. ERLE performance of FLS2 ( 1W1200,)0(E ��a ) and FAP2 

(p = 2, 5.0�� ). (fullband structure) 
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Figure 8. ERLE performance of the proposed technique (case I) (FAP2 : 

2p � , 3.0�� , F-NLMS2 and F-NLMS: 01.0�� ) as compared with that 

in [11] (FLS2 (0-1 kHz): 0.999 W10,)0(Ea �� , NLMS: 03.0�� ). 
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Figure 9. ERLE performance of the proposed technique (case II, FAP2 : 

2p � , 3.0�� , F-NLMS2 and F-NLMS : 01.0�� , case III, FAP2 : 

3p � , 3.0�� , F-NLMS2 and F-NLMS : 01.0�� ) as compared with 

that in [11] (FLS2 (0-2 kHz): 0.999 W10,)0(E a �� , NLMS: 

03.0�� ). 

Case III demonstrates that the speed of convergence of the 
proposed structure can be further improved by increasing the 
projection order of FAP2. This, however, results in higher 
computational complexity than the p =2 case, as shown in 
Table V:g. The computational complexity of each algorithm 
for all cases is given in Table V, when 1 division is equivalent 
to 16 RMPs [11],� )Inv(M 22� equals to 22 RMPs and 1 
addition, and� )Inv(M 33�  equals to 55 RMPs and 14 additions. 

V. CONCLUSIONS 

A hybrid structure between FAP2 and F-NLMS algorithms 
has been proposed in this paper for SAEC. By employing the 
subband structure of the SAEC system, computational 
complexity can be reduced, as compared to the fullband 
structure. A suitable choice of projection order for FAP2 is 
necessary to obtain convergence rate improvement while 
keeping the computational complexity low, as compared to that 
in [11]. Simulation results based on speech signals indicate 
improved performance of the proposed technique in terms of 
convergence rate via ERLE, as compared to that of the hybrid 
structure in [11]. Moreover, the computational complexity of 
the proposed structure is less than that in [11]. 
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TABLE V 
Computational Complexity of each Algorithm 

Adaptive Filter�Algorithm� : �� /  �� /  

a. Fullband FLS2 36904 36867 

b. Fullband FAP2 (p = 2)� 32822 32768 

c. [11] : FLS2 (0 – 1 kHz) + NLMS��(1 – 8 kHz)� 9275 9221 

d. [11] : FLS2 (0 – 2 kHz) + NLMS (2 – 8 kHz) 13883 13829 

e. Case I : FAP2 (p = 2) + F-NLMS2 (M = 4) + 
F-NLMS (4 – 8 kHz) 6518 5454 

f. Case II : FAP2 (p = 2) + F-NLMS2 (M = 2) + 
F-NLMS (4 – 8 kHz) 9516 8976 

g. Case III : FAP2 (p = 3) + F-NLMS2 (M = 2) 
+ F-NLMS (4 – 8 kHz) 16760 16158 
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