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Abstract. This paper aims to propose an iterative mathematical morphology (IMM) filter 

methodology to de-noise the acoustic emission (AE) signal with impulsive noise. To develop the 

principle of IMM filter, a simulation signal is used to be de-noised by the conventional MM filter. 

Moreover a novel approach is introduced to eliminate the end effect of MM filter by connecting 

the initial point with the end point of the time series. Therefore the IMM filter can be realized 

based on the operations of MM filter and the elimination method of end effect. The noise 

elimination of a simulation signal indicates that the IMM filter can remove the impulsive noise 

more effectively than the MM filter and maintain useful information as much as possible. Two 

AE signals acquired from rock compression experiment, which are polluted by electromagnetic 

impulsive noise, are de-noised by the IMM filter, the conventional digital filter and the wavelet 

filter respectively. Compared with the other two methods, the IMM filter can preserve the essential 

information contained in AE signal better, especially the arrival time. These two experiments 

manifest the effectiveness of the IMM filter in de-noising issues of AE signals polluted by 

impulsive noise. 

Keywords: mathematical morphology, filter, iterative mathematical morphology, acoustic 

emission, impulsive noise. 

1.1.1. Introduction 

Acoustic emission (AE) is defined as transient elastic waves generated from a rapid release of 

strain energy caused by a deformation or damage within a material [1], or generated by the 

interaction of two surfaces in relative motion [2]. Conventionally AE has been employed to detect 

structure crack, material characteristics and liquid or gas leakage [3], but currently it is being 

advanced to apply to many fields, such as to diagnose faults in rotating machinery [4-5], to monitor 

complex machining processes [6], to localize large structural impact [7] and to advance medical 

technology [8]. Among the applications, AE technique (AET) is mainly used as a non-destructive 

testing tool to evaluate structural damage [9, 10], since AE signals usually arise from internal 

changes of a structure like crack growth dislocation movement in materials [11]. AET is unlike 

most other nondestructive testing (NDT) techniques in two regards: (1) instead of supplying 

energy to the object under examination, AET simply listens for the energy released by the object; 

(2) AET deals with dynamic processes or changes in a material. So the benefits of AET include 

the ability to directly detect crack/damage extension by distinguishing active cracks/damage from 

stable cracks/damage and operation in a passive or listening mode with low power requirements 

[12].  

The main drawback with the application of the AET is the pollution of the signal so that the 

de-nosing of AE must be implemented before AE parameters extraction. When the AE waves 

arrive at the structure surface, they cause a mechanical disturbance and can be captured by the AE 

sensors. In a typical AE test the sensor mounted on the structure converts the surface motion into 

an electronic signal that can be recorded and then be processed later. The AE signals are polluted 

by the noises along the propagation path of the wave before they are collected. There are two main 

sources of the AE noise: environmental noise and internal noise. The environmental noise 

emanates from external factors, such as load train, electrical instrumentation and other unknown 
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sources generated outside the test materials. The internal noise originates from reflected and 

retracted waves, such as direct flexural waves and extension waves in plate-like structure. 

Noise often affects the reliability of AE parameters and the locating accuracy of AET as well. 

To compensate for the influence of background noise, various procedures are implemented during 

the AE test. For example, taking precautions to place sensors as far away as possible from noise 

sources, or/and filtering. But the experiment environment may be noisy, which makes the noise 

reduction difficult [13]. The de-noising of AE signals has been investigated by different signal 

processing methods in many literatures. Feng [14] studied the threshold methods based on the 

discrete wavelet transform, which was verified to be suitable for AE signals to detect bearing 

defect of rotating machines. Chen [15] proposed an EMR signal morphological filter to restrain 

the random noise which distributed uniformly and white Gaussian noise mixed in electromagnetic 

radiation signal. Chen [16] also de-noised the AE signals of the fluidized bed through a sym8 

wavelet filter combined with the rigrsure threshold method before extracting AE parameters. 

Zvokelj [17] presented a signal de-noising method, combined the abilities of the kernel principal 

component analysis (KPCA) with the benefits of ensemble empirical mode decomposition 

(EEMD) to pre-process vibration and AE signals. Chiementin [3] investigated the effectiveness 

of various de-noising techniques in improving sensitivity to early defect detection. The research 

results indicated that the de-noising methods, especially the self-adaptive noise cancellation 

method, could offer significant improvements in identifying defects with AE. 

Recently various de-noising techniques have been applied to process AE data which mixed 

with random noise, such as the conventional digital filter technique and the wavelet transform 

(WT), etc. And these de-noising methods are effective. Since the random noises usually have 

higher frequency and lower energy than the useful signals, the noises and the signals can be easily 

separated by setting a threshold [18]. However, the tested AE signals may be polluted by some 

impulsive, such as the strong electromagnetic noise. In order to obtain the important AE 

parameters such as accurate first arrival time, manual selection is necessary. But sometimes 

manual operations are time-consuming and subjective, because the number of recorded AE signals 

can be up to several thousands during one test [19]. The impulsive noise, just like the typical 

transient AE signal, has a wide frequency range. It is more difficult to reduce the impulsive noise 

by the de-noising technologies as mentioned above since in the AE signal remain the intrinsic 

characteristics, such as no distinct malformation or/and time delay. Some scholars have developed 

tools to extract the impulsive features from the test signals by introducing the mathematical 

morphology (MM) filter [20-22]. It has unique advantages as follows: 1) simple algorithm and 

high efficiency, which is adapted to handle the AE signal with high sampling frequency; 2) it is a 

zero-phase filter that can remain in the accuracy of arrival time of AE signal.  

In this article a novel IMM filter based on the MM theory is proposed to de-noise impulsive 

noise effectively and retain the real AE signal parameters satisfactorily. Compared with some 

conventional method, such as digital filter and WT, this proposed de-noising approach is more 

powerful for processing AE signals. The rest of this paper is organized as follows. In section 2, 

the principle of MM filter is simply introduced. Then section 3 presents the IMM filter scheme 

and it is verified by processing a simulation signal. Moreover, the AE signals obtained from two 

different tests are employed to evaluate the IMM technique by being compared with the WT and 

digital filter respectively in section 4. Last, the conclusions of this investigation are summarized 

in section 5. 

1.1.2. Principle of MM filter 

The MM filter has been developed and widely applied to various fields of image processing 

and analysis as a typical nonlinear filter. Piles of literatures indicate that the research of MM filter 

analysis in one-dimensional (1-D) signals is advanced, especially in machine fault diagnosis [20] 

and power-quality monitoring [21]. Theoretically the basic idea of MM filter is to investigate the 
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relationship between parts of signal and extract the main features of signal, by using a “probe” 

structural element in the signal in a continuous movement [23].  

In binary morphological transformation the most common operations are dilation, erosion, 

opening and closing. When extended to the function field, the binary morphological 

transformation becomes a gray-scale transformation [23]. By assuming a 1-D original signal 𝑥(𝑡), 
the corresponding dilation and erosion morphology process is expressed as follows: 

dilation operation: (𝑥 ⊕ 𝑔)(𝑡) = max
𝑚=0,1,…,𝑀

{𝑓(𝑡 − 𝑚) + 𝑔(𝑚)}, 𝑡 = 0,1, . . . , 𝑇, (1) 

erosion operation: (𝑥 ⊝ 𝑔)(𝑡) = min
𝑚=0,1,…,𝑀

{𝑓(𝑡 + 𝑚) − 𝑔(𝑚)}, 𝑡 = 0,1, . . . , 𝑇, (2) 

where ⊕ denotes the operator of erosion and ⊝ denotes the operator of dilation. The length of 

the signal is 𝑇 and 𝑡 = 0, 1, … , 𝑇. The structure element is 𝑔(𝑚), 𝑚 = 0, 1, … ,𝑀. 

The dilation operation increases the valleys and enlarges the maxima of the function, while the 

erosion operation reduces the peaks but enlarges the minima of the function. With erosion and 

dilation, two important morphology operators, opening and closing operations, are defined as 

below: 

opening operation: (𝑓 ∘ 𝑔)(𝑛) = ((𝑓 ⊝ 𝑔) ⊕ 𝑔)(𝑛), (3) 

closing operation: (𝑓 • 𝑔)(𝑛) = ((𝑓 ⊕ 𝑔) ⊝ 𝑔)(𝑛), (4) 

where ∘ denotes the operator of opening operation and • denotes the closing operation. 

When a signal is corrupted by impulses, very large positive or negative values of short duration, 

the impulsive noises in signals can be suppressed effectively through the opening and closing 

operations. The peak noise above signal is filtered out through the opening operation, and the burr 

and the litter bridge structure in the signal is also removed. Moreover, the closing operation is able 

to smooth or inhibit the trough noise behind signal by filing up the valleys. Because these two 

operators smooth different portions of the signals, they are always combined together, usually in 

the form of a cascade. 

The MM filter is an effective means for de-noising, which can construct many different filters 

just by a few simple basic operations. Since those complicated operations like multiplication and 

division are not involved in MM, the time and space needed for MM operation is very small. All 

those four morphological operators mentioned above can be applied to extract the morphological 

features of signals. However some scholars verified that different operators could extract different 

morphological features, such as Zhang [24]. In engineering applications the four basic operators 

often fail to achieve satisfactory results. Therefore it is necessary to modify the algorithm based 

on the four basic operators mentioned above according to the analyzed objects. 

1.1.3. Elimination of AE impulsive noise based on IMM filter 

1.1.3.1. Elimination of AE impulsive noise based on conventional MM filter 

MM filter is widely used in the noise reduction. The common morphology de-noising scheme 

is defined as Fig. 1 [25, 26]. 

A simulation AE signal 𝑥(𝑡), which consist of meaningful signal 𝑠(𝑡) and impulsive noise 

𝐼(𝑡), is adopted as the de-noised object: 

𝑥(𝑡) = 𝑠(𝑡) + 𝐼(𝑡). (5) 

The conventional noise reduction method can effectively reduce the magnitude of the 

impulsive noise. 𝑠(𝑡) is the simulation AE signal; 𝐼(𝑡) is a cycle sinusoidal modulated Gaussian 
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pulse, which is used to simulate the electromagnetic noise. The time-domain waveform of 𝑥(𝑡) is 

shown in Fig. 2(a). 

 
Fig. 1. Scheme of the conventional MM filter 

 
Fig. 2. Signals filtered by conventional MM filter: (a) time-domain waveform of 𝑥(𝑡), (b) filtered signal 

when the length of structural element is 5, (c) filtered signal when the length of structural element is 9 

The structural element is used to eliminate the impulsive noise 𝐼(𝑡). A series of experiments 

indicate that it is difficult to eliminate the influence of the Gaussian pulse for the conventional 

de-noising method, unless the length of the structural element is larger than or equal to the width 

of Gaussian pulse, which is shown in Fig. 2(b). When the length of structural element is 9, the 

𝐼(𝑡) can be effectively eliminated. But a large distortion to the waveform of 𝑠(𝑡) will be generated 

when the length of the structural element is long, as shown in Fig. 2(c). The width of the real 

electromagnetic pulse noise may be wide, causing great influence on the extraction of AE 

characteristic parameters subsequently. Moreover, from Fig. 2(b) and Fig. 2(c) it can be found that 

due to the end effect of the MM filter it is easy to generate oscillation at the endpoint of the signal 

after the noise elimination since lack of data points. The end effect also causes strong influence 

on the extraction of AE characteristic parameters. 

1.1.3.2. Elimination of end effect 

Since the length of structural element is a constant, the boundary or endpoint cannot be located 

in the center of the probe. Therefore the end effect is generated because of the incomplete 

corrosion or dilation. The signals filtered by the conventional MM filter in Fig. 2(b) and Fig. 2(c) 

describe the serious end effect obviously. To eliminate the end effect, this paper presents a novel 

treatment. The authors think that when the time history of the data is infinite, the end effect will 

vanish. Therefore before morphological filtering we can connect the starting element with the 

endpoint of the data and then conduct morphological filtering. When the filtering work is finished, 
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the connection is broken up. 

The detailed operation is conducted as follows. Firstly a part of data selected from the end of 

the series is added in the front of the series. The length of this data set is the same as that of the 

structural element. What’s more, a part of data with the same length of structural element is chosen 

from the beginning of the series and then put at the end of the series. For example before the 

morphological filter schedule, the time series with the length of 𝑁, 𝑥𝑚(𝑡) (𝑚 = 1, 2,⋯ ,𝑁), is 

transformed as a new time series 𝑦(𝑡), 𝑦(𝑡) = 𝑥𝑖(𝑡) (𝑖 = 𝑁 − 𝑛 + 1,⋯ , 𝑁, 1, 2,⋯ ,𝑁, 1,  ⋯ , 𝑛), 
𝑛 is the length of structural element used in processing, which is far less than 𝑁. After filtering 

it’s necessary to delete the data with the length of 𝑛 from the beginning and the end of the new 

time series. 

The simulated AE signal in section 3.1 is de-noised by using the novel approach to verify the 

elimination of end effect. Fig. 3(a) and Fig. 3(b) display the waveforms of the filtered signal when 

the length of structural element is 5 and 9 respectively. It can be clearly seen that the end effect is 

eliminated completely, which manifests the effectiveness of the proposed method. 

 
Fig. 3. Elimination of end effect: (a) filtered signal when the length of structural element is 5,  

(b) filtered signal when the length of structural element is 9 

1.1.3.3. IMM filter 

For the MM filter the opening operation eliminates the positive pulse, while the closing 

operation removes the negative pulse. Therefore an IMM filter method is proposed based on the 

combination of the opening operation and closing operation. At the beginning the noise reduction 

is conducted by the opening operation and closing operation respectively, and then the results are 

added and averaged. The whole process is shown in Fig. 4.  

The de-nosing process can be briefly summarized as follows.  

Step 1, conduct the elimination of the end effect based on the methodology proposed in 

section 3.2. 

Step 2, assign the structural element with appropriate length according to the width of 

impulsive noise. 

Step 3, carry out the opening operation and closing operation respectively. 

Step 4, average the de-noising results of the two operations in step 3. 

Step 5, check whether the de-noising results are meeting the requirements or not. If satisfied, 

to finish the iteration; otherwise, to return to the origin. 

In order to test the performance of this proposed method, a simulation signal with pulse noise 
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is used. The length of structural element is 5. Fig. 5 shows the de-noising process of the simulation 

signal with three iterations. Fig. 5(a), Fig. 5(b) and Fig. 5(c) present the de-noising results of the 

first three iterations respectively. From the noise de-noising results it can be found that although 

the length of structural element is short, a good noise-reduction result is obtained. Therefore the 

corrosion effect to the useful signal can be reduced. Moreover, the decrease of the maximum 

amplitude of the noise is obvious. When the third iteration is completed, the amplitude of the noise 

is much lower than that of the first iteration. Therefore the IMM filter can be well used for noise 

reduction of AE signal. 

Raw data

Elimination of end effect 

Opening 

operation 

The structural element

Closing 

operation

 Averaging

Meets the requirements?
No

End

Yes

 
Fig. 4. Flowchart of the IMM filter 

 
Fig. 5. De-noising result of the simulation signal after three iterations when the length of structural element 

is 5: (a) filtered signal after the first iteration, (b) filtered signal after the second iteration,  

(c) filtered signal after the third iteration 
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1.1.4. Test verification 

1.1.4.1. Experiments 

In this section the real AE signal is used to verify the function of the proposed IMM. The real 

AE signal is recorded during a rock compression experiment. The loading equipment is a universal 

electronic-test machine of type WDW-600E, which is provided by Jinan Time-Test Instrument 

Co., Ltd. Signals are recorded by full-waveform acoustic emission apparatus of type Ds2, provided 

by Beijing Softland Technology Co., Ltd. Fig. 6 shows the experimental setup.  

The AE signals in time domain are displayed in Fig. 7. Fig. 7(a) is the overall view of the 

waveforms. The 𝑥-coordinate and 𝑦-coordinate stand for the time and voltage respectively, and 

the corresponding units are ms and mV. The sampling frequency is 3 MHz. The whole length of 

the signal is 133.28 s. To see more clearly about the detailed information of the AE signals, a 

small section of the signals marked by the black rectangle frame in Fig. 7(a) is selected and 

zoomed out. It is shown in Fig. 7(b) that the time of the selected signal starts at 89.05 s and the 

whole length of the signal is 8.71 ms. It is very obvious that the electromagnetic pulse noise with 

large amplitude is contained in the raw AE signals.  

There are some reasons that can be taken to explain the phenomenon of the electromagnetic 

pulse noise. The housing of AE transducer is generally made of stainless steel and it plays an 

important role on the magnetic shield besides protecting the internal components. But the 

electromagnetic effect is very strong, the magnetic shielding function is failed. Therefore the 

electromagnetic pulse noise will be generated in the obtained AE signals, which brings difficulties 

to the analysis. Thus it is necessary to conduct the noise reduction. 

1.1.4.2. AE signal with high signal-noise ratio  

To test the de-noising effect of the IMM, a small section of the recorded AE signals displayed 

in Fig. 7(b) is chosen, which is shown in Fig. 8(a). The 𝑥-coordinate and 𝑦-coordinate stand for 

the time and voltage respectively, and the corresponding units are ms and V. From the waveform 

of the raw AE signal presented in Fig. 8(a) it can be seen clearly that the amplitude of the AE 

signal is relatively large. The electromagnetic impulsive noise occurs in a certain frequency region 

and its amplitude is about 20 mV, which seriously interferes with the parameter analysis of the 

AE characteristics. With the proposed IMM filter the multiple iterative filtering is conducted with 

two iterations. The time-domain waveforms of the AE signals after the first and the second 

iteration are shown in Fig. 8(b) and in Fig. 8(c) respectively. Actually it can be seen from the 

waveforms in Fig. 8(a) and Fig. 8(b) that the noise level is decreased a lot, although there is still 

some noise residue contained in the AE signal after the first iteration. However, when the second 

iteration is completed, the pulse noise is substantially eliminated, as shown in Fig. 8(c).  

In addition, the useful characteristics of AE signal are mainly retained, such as the arrival time 

information noted in Fig. 8. The arrival time of the maximum points in the raw AE signal is 

0.377 ms, while that of the AE signal after the first iteration and the second iteration are all 

0.3773 ms. Therefore there is nearly no influence on the arrival time information of AE signal 

caused by the IMM filter. 

To test the de-noising performance of the IMM filter comprehensively, the conventional digital 

filter and wavelet filter are applied. The digital filter used in this paper is designed by the window 

function method, where the Blackman window is introduced to design the lowpass FIR digital 

filter with 101th order. The spectrum of the AE signal is shown in Fig. 9. The pulse noise 

component can be roughly distinguished through the spectrum result. The frequencies of the 

impulsive noise are larger than 250 kHz, so that this filter is designed as a low pass filter with the 

frequency region of 0~250 kHz. Fig. 10(b) shows the time-domain waveform of the obtained 

signal passing through this digital filter. It can be found that the digital filter introduces a 

significant delay (0.377 ms to 0.392 ms) of the arrival time of the maximum point although the 
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pulse noise is eliminated. This change of the AE signal has a great influence on the extraction of 

the AE characteristic parameters and the accuracy of AE source location. What’s more, a wavelet 

filter based on minimax principle is introduced. The mother wavelet is sym8, which was used to 

filter AE signals [16]. Fig. 10(c) shows the filtering result of the initial AE signal. It can be clearly 

seen that the pulse noise is eliminated, but the arrival time of the maximum point moves forward 

a little bit (0.377 ms to 0.3753 ms).  

 
Fig. 6. Rock compression experiment:  

(a) experimental setup, (b) AE sensors arrangement, (c) after the destruction of the rock 

 
Fig. 7. Waveforms of the AE signal:  

(a) overall view of the tested AE signal with electromagnetic noise, (b) AE signal after zooming 
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Fig. 8. Waveforms of the AE signal with the proposed method: (a) original AE signal with  

electromagnetic noise, (b) AE signal after the first iteration, (c) AE signal after the second iteration 

Taking these two de-noising operations into consideration, it can be concluded that although 

the conventional digital filter and the wavelet filter can eliminate the pulse noise, some important 

information contained in AE signal is changed. When the arrival time of the maximum point is 

changed, the arrival time information of AE signal is also changed. The arrival time is the most 

important parameter which is predominantly used for source location of TDOA [27, 28]. The 

ability to locate the AE source is a vital step in the whole damage identification process, by which 

the accurate source location can indicate the characteristics of the damage and even the size of the 

crack. Currently the localization of AE sources is normally performed by using the time difference 

of arrival (TDOA) technique, which depends on the propagation velocity in material, to derive the 

source location in one, two or three dimensions from the arrival delay between sensors based on 

first threshold crossing. Therefore this improved method can preserve the arrival time information 

better, compared with the conventional digital filter, wavelet and other noise reduction methods. 

It also causes little influence on the AE source localization. 

 
Fig. 9. Spectrum of AE signal 

1.1.4.3. AE signal with low signal-noise ratio 

In this section the AE signal with low amplitude is used to test the effect of the proposed 
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method. Fig. 11(a) displays the waveforms of the AE signal with the IMM filter. It is obvious that 

the amplitude of the AE signal is too small to be distinguished from the noise pulse. Apparently 

the noise reduction should be carried out first. With the IMM filter the multiple iterative filtering 

is conducted with two iteration operations. The time-domain waveforms of the AE signals after 

the first and the second iterations are shown in Fig. 11(b) and Fig. 11(c) respectively. From Fig. 11 

it can be found that there is still some noise residue in AE signal after the first iteration, while the 

noise pulse can be substantially eliminated after two iterations. The arrival time of the maximum 

point in the raw AE signal is 0.303 ms, while that of the AE signal after the first iteration and the 

second iteration are both 0.3033 ms. Therefore there is nearly no influence on the arrival time 

information of AE signal caused by the IMM filter. The useful characteristics of AE signal are 

mainly retained. The conventional digital filter and wavelet filter are applied to de-noise the AE 

signal. The spectrum of the initial AE signal is shown in Fig. 12. The pulse noise can be roughly 

distinguished from the spectrum result, whose frequencies are larger than 200 kHz.  

 
Fig. 10. Influence of different de-noising methods on the arrival time information of AE signal:  

(a) original AE signal with electromagnetic noise, (b) AE signal filtered by lowpass FIR digital filter,  

(c) AE signal filtered by wavelet 

 
Fig. 11. Waveforms of the AE signal with the proposed method: (a) original AE signal with  

electromagnetic noise, (b) AE signal after the first iteration, (c) AE signal after the second iteration 
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Therefore the filter is used as a low pass filter with the frequency region of 0~200 kHz. 

Fig. 13(b) shows the time-domain waveform of the obtained signal through this digital filter. It 

can be found that the digital filter brings a significant delay (0.303 ms to 0.3193 ms) of the arrival 

time of the maximum point although the pulse noise is eliminated. This change of the AE signal 

will have a great influence on the extraction of the AE characteristic parameters and AE source 

location. What’s more, a wavelet filter based on minimax principle is introduced. The mother 

wavelet is sym8. Fig. 13(c) is the time-domain waveform of the signal filtered by wavelet based 

on minimax principle. It can be found that the pulse noise is eliminated, but the arrival time of the 

maximum point moves forward a little bit (0.303 ms to 0.3023 ms). Therefore it also indicates that 

this method can preserve the arrival time information better than filtering, wavelet and other noise 

reduction methods. 

 
Fig. 12. Spectrum of AE signal 

 
Fig. 13. Influence of different de-noising methods on the arrival time information of AE signal:  

(a) original AE signal with electromagnetic noise, (b) the AE signal filtered by lowpass FIR digital filter,  

(c) the AE signal filtered by wavelet 
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1.1.5. Summary and conclusions 

An IMM filter methodology is presented to solve the noise reduction problem of AE signal 

with impulsive noise. To verify the effect of the IMM filter, the narrow-band filter and wavelet 

filter are introduced to compare the de-noising effect. Some conclusions based on the analysis of 

the noise reduction results are drawn as follows: 

(1) Due to the boundary effect of MM filter and the lack of data in the end part, it is easy to 

generate oscillation at the endpoint of the signal after the noise elimination. These drawbacks also 

cause serious effect on the follow-up feature extraction of AE characteristic parameters. This paper 

presents the idea that a part of data is selected from the end section of the signal to be added in the 

front of the series. The length of the selected data section is the same as the structural element. 

Also a data section with the length of structural element is selected from the beginning of the raw 

signal and then added behind the series. Therefore the data series is changed as a ring-shaped one 

to eliminate the end effect. 

(2) AET is probably the most sensitive non-destructive technique since lots of the damage 

information is contained in the AE signal. The proposed IMM filter can effectively reduce the 

impulsive noise by structural element with short length. Moreover, the useful information 

contained in AE signal can be preserved very well. 

(3) The ability to locate the AE source is a vital step in the whole damage identification process. 

The accurate source location can indicate the characteristic of the damage and even the size of the 

crack. Compared with conventional digital filter, wavelet filter and other noise reduction methods, 

this proposed IMM method can preserve the arrival time information better, which is 

predominantly used for AE source location by using the TDOA technique.  
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