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Abstract. In this paper, we propose a method for enhancing the sound field in a 
nearly monaural sensing system. The proposed method controls the inter-
channel coherence (ICC) of a stereo sound source by incorporating early 
reflections into the sound source. The degree of ICC is controlled using both a 
decorrelator and a principal component analysis (PCA) technique, while a 
cascaded all-pass filter is used to induce early reflections. To demonstrate the 
effectiveness of the proposed method on the perception of the sound field, a 
subjective test is carried out. It is shown from the test that the proposed method 
can reduce the ICC, thus it improves the perceived sound field. 
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1 Introduction 

Spatial quality, which is a subset of sound quality, is an important factor in the audio 
field [1]. It is attributed to the assessment of an auditory image and indicates whether 
a listener is satisfied or not with the auditory image. There are several spatial 
attributes associated with spatial quality. Among them, sound field is mostly related 
to how a listener perceives the width of an auditory image from the audio source, 
which is shown in Fig. 1. The sound filed is also called the apparent source width 
(ASW) [2].  

Microphone configuration plays an important role in capturing the spatial quality. 
There are many techniques [3] for recording the spatial quality. One of the techniques 
suggests that the distance between auditory sensors should be determined by the  
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Fig. 1. Concept of the sound field or the apparent source width (ASW) 

 

Fig. 2. Configuration of auditory sensors for capturing the spatial quality 

width of the sound source. It is usual that the distance is set from one-third to one-half 
of the sound source width, as depicted in Fig. 2 [4]. In particular, the distance ranging 
from 20 to 60 cm is recommended for the appropriate distance between auditory 
sensors [1].  

For many portable video or audio devices, however, it is difficult to arrange 
auditory sensors according to the recommended configuration. There is a mechanical 
limitation due to the size of the portable device, which results in a nearly monaural 
sensing system even if the device has stereo microphones. Thus, the audio 
information obtained from such devices rarely covers the aspects of spatial quality, 
i.e., the sound field. 

In this paper, we propose a sound field enhancement method for a nearly monaural 
sensing system. First of all, principal component analysis (PCA) is applied [5][6] to 
decompose the audio signals obtained by stereo auditory sensors into correlated and 
uncorrelated components. Next, on the basis of the knowledge that inter-channel 
coherence (ICC) and early reflections affect the perception of the sound field [7][8], 
the ICC is reduced by using the combination of PCA and a decorrelator, and early 
reflections are generated by using an all-pass filter.  
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Fig. 3. Perception of the sound field depending on ICC 

The remainder of this paper is organized as follows. Following the introduction, we 
describe the basics of spatial hearing with regard to the perception of the sound field 
depending on the ICC and the intensity of the early reflections in Section 2. In Section 
3, we propose a sound field enhancement method that incorporates PCA, a 
decorrelator, and early reflections in order to control the ICC. Next, we evaluate the 
performance of the proposed method by calculating the ICC and by measuring the 
perceived sound field in Section 4. Finally, we conclude our findings in Section 5. 

2 Spatial Hearing 

In this section, we discuss the basics of spatial hearing with regard to the sound field. 
Fig. 3 shows the perception of the sound field depending on the ICC between a pair of 
loudspeakers. The ICC indicates the coherence between two channels and it is 
expressed as 
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where )(nxL  and )(nxR  are the left and right audio samples at time n, respectively.  

Fig 3 shows how the ICC affects the auditory perception [7]. When the ICC is 
almost 1.0, the auditory image is in the middle of two loudspeakers. Thus, the 
perception of the sound field is actually narrow, as shown in the shadowed area 
labeled as ‘1’ in Fig. 3. On the other hand, as the ICC is reduced to 0, the perception 
of the sound field is increased, as illustrated in the shaded area labeled as ‘4’ in Fig. 3. 
Thus, in order to adjust the ICC, both PCA and a decorrelator are applied in this work.  
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Fig. 4. Perception of the sound field depending on the intensity of early reflections 

 

Fig. 5. Overall structure of the proposed sound field enhancement method 

In addition to the ICC, early reflections are also related to the perception of the 
sound [8]. Fig. 4 illustrates the relationship between the early reflections and the 
sound field. It is found that the perception of the sound field increases with the 
intensity of the early reflections. Thus, in this work, we generate early reflections by 
using an all-pass filter. 

3 Proposed Sound Field Enhancement Method 

In this section, we propose a sound field enhancement method in order to enhance the 
sound field in a nearly monaural sensing system. Fig. 5 shows an overall structure of 
the proposed method. As shown in the figure, the proposed method incorporates the 
PCA technique and the generation of early reflections. In addition, it also uses a 
decorrelator.  

First of all, the audio signals obtained by stereo auditory sensors are decomposed 
into correlated and uncorrelated components using the PCA technique. Here, the 
decomposition into the two signal components is achieved by using a 2×2 covariance 
matrix, A, which is defined as 
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where ),cov( qp xx  is the covariance of px  and qx , and p and q represent the left 

channel, L, and the right channel, R, respectively. The covariance matrix in Eq. (2)  
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Fig. 6. Magnitude and phase response of the decorrelator 

has two eigenvectors, which become the basis vectors for a new coordinate system. 
These eigenvectors are then used as the weight vectors corresponding to the left and 
right channels to generate the correlated and uncorrelated signal components. 

Next, the correlated signal component is fed into the input of a decorrelator via the 
PCA. Fig. 6 illustrates the spectrum of the 640-tapped finite-duration impulse 
response (FIR) decorrelator. In addition, the correlated component, uncorrelated 
component, and the decorrelator output are mixed into stereo audio signals, such as 
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where )(nc  and )(nu  are the correlated and uncorrelated components obtained via 

the PCA, respectively. In addition, )(nd  denotes the decorrelator output. It should be 

noted here that the stereo audio outputs are divided by 3  for conserving a constant 
acoustic energy between the input and the processed audio signals. 

An all-pass filter is used to generate early reflections, as shown in Fig. 7 [9]. The 
transfer function of the all-pass filter is expressed as  
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where 1M  and 2M  denote delay lengths of 240 and 840, respectively. The gain 

coefficients, 1g  and 2g , are set to 0.67 and 0.37, respectively.  
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Fig. 7. An all-pass filter for generating early reflections 

4 Performance Evaluation 

In this section, we evaluated the performance of the proposed sound field 
enhancement method. First, we measured the ICC to demonstrate how the PCA and 
the decorrelator worked together to decompose the audio signals into correlated and 
uncorrelated components. Fig. 8 shows the ICCs according to frame index, where 
audio signals are segmented into a sequence of frames whose length is 1024. It was 
shown from the figure that the ICC was reduced by applying the proposed method.  
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(a)                                   (b) 

Fig. 8. ICC according to the frame index; (a) original audio signals and (b) processed audio 
signals 

A subjective test was also conducted to evaluate the degree of the perception of the 
sound field perception. Six subjects with no auditory diseases participated in the test. 
We prepared audio files of different genres including four music genres such as 
ballad, dance, hip-hop, and rock. Fig. 9 illustrates the loudspeaker configuration used 
in the test. In this test, we measured the perceived sound field. Two types of audio 
contents were prepared for the test. One was the original audio content, which was 
obtained in a nearly monaural sensing system. The other was the audio content 
processed from the original file using the proposed method. For the test, randomly 
selected audio files were reproduced, and each subject was asked to estimate the 
length of the perceived sound field by ear. 
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Fig. 9. Loudspeaker configuration for the subjective test 

 

 

Fig. 10. Comparison of the average perceived sound field measured in cm for different genres 
of audio signals 

Fig. 10 illustrates the result of the subjective test. As shown in the figure, the sound 
filed was improved after applying the proposed method. By averaging the perceived 
sound field over all the audio signals, it was measured as 30.50 cm for the input audio 
signals. However, it was increased as 87.63 cm after applying the proposed method. 

5 Conclusion 

In this paper, we proposed a sound field enhancement method in a nearly monaural 
sensing system. To this end, the ICC was controlled, and early reflections were 
incorporated. In other words, to decrease the ICC between the audio signals 
reproduced by a pair of loudspeakers, a PCA technique and a decorrelator were used. 
Moreover, an all-pass filter was designed to generate early reflections. The 
performance of the proposed method was evaluated by measuring the ICC and by 
performing a subjective test. It was shown from the ICC measurement and the subject 
test that the proposed method could reduce the ICC and improve the perception of the 
sound field. 
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