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Abstract 
 
Vibration analysis is widely used in machinery diagnosis, and wavelet transform and envelope analysis have also been implemented in 

many applications to monitor machinery condition. Envelope analysis is well known as a useful tool for the detection of rolling element 
bearing faults, and wavelet transform is used in research to detect faults in gearboxes. These are applied for the development of the condi-
tion monitoring system for early detection of the faults generated in several key components of machinery. Early detection of the faults is 
a very important factor for condition monitoring and a basic component to extend CBM (Condition-Based Maintenance) to PM (Predic-
tion Maintenance). The AE (acoustic emission) sensor has a specific characteristic on the high sensitivity of the signal, high frequency 
and low energy. Recently, AE technique has been applied in some studies for the early detection of machine fault. In this paper, a signal 
processing method for AE signal by envelope analysis with discrete wavelet transforms is proposed. Through the 15 days test using AE 
sensor, misalignment and bearing faults were observed and early fault stage was detected. Also, in order to find the advantage of the 
proposed signal processing method, the result was compared to that of the traditional envelope analysis and the accelerometer signal.  
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1. Introduction 

Application of the high-frequency acoustic emission (AE) 
technique in condition monitoring of rotating machinery has 
been growing over recent years. This is particularly true for 
bearing defect diagnosis and seal rubbing [1-8]. The main 
drawback with the application of the AE technique is the at-
tenuation of the signal and as such the AE sensor has to be 
close to its source. However, it is often practical to place the 
AE sensor on the non-rotating member of the machine, such 
as the bearing or gear casing. Therefore, the AE signal origi-
nating from the defective component will suffer severe at-
tenuation before reaching the sensor. Typical frequencies as-
sociated with AE activity range from 20 kHz to 1 MHz. 

While vibration analysis on gear fault diagnosis is well es-
tablished, the application of AE to this field is still in its in-
fancy. In addition, there are limited publications on the appli-
cation of AE to gear fault diagnosis. Siores et al. [9] explored 
several AE analysis techniques in an attempt to correlate all 

possible failure modes of a gearbox during its useful life. Fail-
ures such as excessive backlash, shaft misalignment, tooth 
breakage, scuffing, and a worn tooth were seeded during tests. 
Siores correlated the various seeded failure modes of the gear-
box with the AE amplitude, root mean square, standard devia-
tion and duration. It was concluded that the AE results could 
be correlated to various defect conditions. Sentoku [10] corre-
lated tooth surface damage, such as pitting, to AE activity. An 
AE sensor was mounted on the gear wheel and the AE signa-
ture was transmitted from the sensor to data acquisition card 
across a mercury slip ring. It was concluded that AE ampli-
tude and energy increased with increased pitting. In a sepa-
rated study, Singh et al. [11] studied the feasibility of AE for 
gear fault diagnosis. In one test, a simulated pit was intro-
duced on the pitch line of a gear tooth using an electrical dis-
charge machining (EDM) process. An AE sensor and an ac-
celerometer for comparative purposes were employed in both 
test cases. It was important to note that both the accelerometer 
and AE sensor were placed on the gearbox casing. It was ob-
served that the AE amplitude increased with increased rota-
tional speed and increased AE activity was observed with 
increased pitting. In a second test, periodically occurring 
peaks were observed when natural pitting started to appear 
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after half an hour of operation. These AE activities increased 
as the pitting spread over more teeth. Singh et al. [11] con-
cluded that AE could provide earlier detection over vibration 
monitoring for pitting of gears, but noted it could not be appli-
cable to extremely high speeds or for unloaded gear conditions. 
Tan et al. [12] offered that AE rms levels from the pinion were 
linearly correlated to pitting rates; AE showed better sensitiv-
ity than vibration at a higher torque level (220 Nm) due to 
fatigue gear testing using spur gears. He made sure that the 
linear relationship between AE, gearbox running time and pit 
progression implied that the AE technique offers good poten-
tial in prognostic capabilities for monitoring the health of ro-
tating machines.  

On the other hand, the signal processing method for AE 
signal was studied using bearing and gearbox. In the results of 
the research [13-15], the envelope analysis was found to be 
useful to detect fault in rolling element bearing. The fault de-
tection frequency of bearing can be presented in the power 
spectrum. Wavelet transform was used for the signal process-
ing method for the gearboxes [16, 17], but wavelet transforms 
can give the different results with the envelope analysis. It can 
show the defect frequency, but the efficiency is lower than 
that of envelope analysis. Thus, the signal processing method 
for AE signal has not been completed until now, and it must 
be developed in the future. Therefore, in this paper, a signal 
processing method for AE signal by envelope analysis with 
discrete wavelet transforms is proposed. For the detection of 
faults generated by gear systems using the suggested signal 
processing, a gearbox was installed in the test rig system. Mis-
alignment was created by a twisted case caused by arc-
welding to fix the base, and bearing inner race fault was gen-
erated by severe misalignment. Through the 15 days test using 
AE sensor, misalignment was observed and bearing faults 
were also detected in the early fault stage. To identify the 
sensing ability of the AE, vibration signal was acquired 
through an accelerometer and compared with the AE signal. 
Also, to find the advantage of the proposed signal processing 
method, it was compared to traditional envelope analysis. The 
detection results of the test were shown by the power spec-
trum and comparison of the harmonics level of the rotating 
speed. Modal test and zooming by a microscope were per-
formed to prove the reason of the other faults. 

 
2. Proposition of signal processing 

Envelope analysis typically refers to the following sequence 
of procedures: (1) band-pass filtering (BPF), (2) wave rectifi-
cation, (3) Hilbert transform or low-pass filtering (LPF) and 
(4) power spectrum. The purpose of the band-pass filtering is 
to reject the low-frequency high-amplitude signals associated 
with the i th mechanical vibration components and to elimi-
nate random noise outside the pass-band. Theoretically, in 
HFRT (High Frequency Resonance Technique) analysis, the 
best band-pass range includes the resonance of the bearing 
components. This frequency can be found through impact 

tests or theoretical calculations involving the dimensions and 
material properties of the bearing. However, it is very difficult 
to predict or specify which resonant modes of neighboring 
structures will be excited. It will be costly and unrealistic in 
practice to find the resonant modes through experiments on 
rotating machinery that may also alter under the different op-
erational conditions. In addition, it is also difficult to estimate 
how these resonant modes are affected in the assembly of a 
complete bearing and mounting in a specific housing, even if 
the resonant frequencies of individual bearing elements can be 
tested or calculated theoretically [18]. Therefore, most re-
searchers decide on the band-pass range as on option. To re-
cover the disadvantages of this option, discrete wavelet trans-
form (DWT) is included in the process of traditional envelope 
analysis in this paper. 

In the DWT, the approximate coefficients and detail coeffi-
cients decomposed from a discredited signal can be expressed 
as 
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j k j k j k j k j kk k
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The decomposition coefficients can therefore be determined 

through convolution and implemented by using a filter. The 
filter, [ ]g k , is a low-pass filter and is a high-pass filter. The 
decomposition process can be iterated, with successive ap-
proximations being decomposed in turn, so that one signal is 
broken down into many lower resolution components. This is 
called the wavelet decomposition tree, as shown in Fig. 1. 

DWT has a de-noise function and a filter effect focused on 
impact signal. To make up the weak point of BPF of the enve-
lope analysis, DWT was intercalated on typical envelope 
analysis, between BPF and wave rectification exactly. The 
signal by DWT will be separated to different band widths by 
decomposition level and adapted to the signal with impact. 

For more complicated signals, which are expressible as a 
sum of many sinusoids, a filter can be constructed which shifts 
each sinusoidal component by a quarter cycle. This is called a 
Hilbert transform filter. Let Ht{x} denote the output at time t 
of the Hilbert-transform filter applied to the signal x. Ideally, 
this filter has magnitude 1 at all frequencies and introduces a 

 
Fig. 1. Wavelet decomposition tree [18]. 
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phase shift of -π/2 at each positive frequency and +π/2 at each 
negative frequency. When a real signal x(t) and its Hilbert 
transform y(t) = Ht{t} are used to form a new complex signal 
z(t)= x(t)+jy(t), the signal z(t) is the (complex) analytic signal 
corresponding to the real signal x(t). In other words, for any 
real signal x(t), the corresponding analytic signal z(t) = 
x(t)+jHt{x} has the property that all ‘negative frequencies’ of 
x(t) have been ‘filtered out’ [19]. Hence, the coefficients of the 
complex term in the corresponding analytic signal were used 
for FFT.  

Fig. 2 shows an analytic signal of the Hilbert transform for 
envelope analysis. The solid line is a time signal and the dash 
is its envelope curve. A high frequency signal modified by 
wavelet transform is modulated to a low frequency signal with 
no loss of the fault information due to envelope effect. Ac-
cording to that, the fault signals in the low frequency region 
can be detected using the analytic signal. That is an important 

fact for the proposed signal processing method. 
Therefore, the proposed signal processing method in this 

paper is an envelope analysis with DWT and using the coeffi-
cients of the complex term in Hilbert transform. 

Furthermore, to reduce the noise level in the power spec-
trum, the spectrum values were presented as the mean value of 
each day. Fig. 3 shows the power spectrums of the two differ-
ent signal processing methods. Fig. 3(a) is from envelope 
analysis, and Fig. 3(b) shows the envelope analysis interca-
lated DWT using Daubechies mother function between BPF 
and wave rectification. In Fig. 3, the DWT has an effect the 
amplifying sidebands peaks, especially about gear mesh fre-
quencies, so the peaks of the harmonics of the rotating speed 
(fr) and gear mesh frequencies (fm) are bigger than another, and 
we can check them easily. Therefore, in the following result, 
the power spectrum through envelope analysis with DWT will 
be shown. 

 
3. Experimental setup 

3.1 Test-rig 

The test-rig employed for this investigation consists of one 
identical oil-bath lubricated gearbox, 3 HP-motor, rigid cou-
pling, tapper-roller bearing, pinion, gear, control panel and 
break system, as seen Fig. 4. The pinion was made from steel 
with heat treatment, the number of teeth is 70, and diameter is 
140 mm. The gear was made from steel, but it was produced 
without any heat treatment process during manufacturing. The 
number of gear teeth is 50, and diameter is 100 mm and mod-
ule is 2 mm for the gear and pinion, respectively. 

 
 
Fig. 2. Analytic signal (dash) of the envelope effect. 
 

(a) Envelope analysis 
 

(b) Envelope analysis with DWT 
 
Fig. 3. The comparison of power spectrums in envelope analysis
with/without DWT. 
 

 
 

 
 
Fig. 4. Test-rig. 
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A simple mechanism that permitted a break of disk-pad 
type to be rotated relative to each other was employed to apply 
torque to the gear. Contact ratio (Pinion / Gear) of the gears 
was 1.4. The motor used to drive the gearbox was a 3-phase 
induction motor with a maximum running speed of 1800 rpm 
and was operated for 15 days with 1500 rpm. The torque on 
the output shaft was 1.2 kN·m while the motor was in opera-
tion, and other specifications of the gearbox are given as in 
Table 1. 

 
3.2 Acquisition system and test procedures 

AE sensors used in this paper are a broadband type with a 
relative flat response in the range frequency from 100 kHz to 
1 MHz. They are placed on the right side of the gearbox cases 
near the coupling in the horizontal direction at the same height 
with the shaft center (Fig. 4).  

AE signals are pre-amplified by 60 dB and the output from 
the amplifier is collected by a commercial data acquisition 
card with 10 MHz sampling rate during the test. Prior to the 
analog-to-digital converter (ADC), anti-aliasing filter is em-
ployed that can be controlled DAQ software. Table 2 shows 
the detailed specifications of the data acquisition system. 

Before the test, attenuation test on the gearbox components 
was taken in order to understand the characteristics of the test-
rig. The gearbox was run for 30 minutes prior to acquiring AE 
data for the unload condition. Based on the sampling rate of 
10 MHz, the available recording acquisition time was 2 sec. 

4. Experiment result and discussion 

In general, the misaligned gear which almost always excites 
higher order fm harmonics is shown as in Fig. 5. Often, only 
small amplitudes will be at the fundamental fm, but much 
higher levels will be at 2fm and/or 3fm. The sideband spacing 
about fm might be 2fr or even 3fr when gear misalignment 
problems are involved. When significant tooth wear occurs, 
not only will sidebands appear about fm, but also about the 
gear natural frequencies. In the case of those around fm, the 
amplitude of the sidebands themselves is a better indicator for 
wear than the amplitude of fm. 

As for significant gear eccentricity and/or backlash, these 
problems display the following characteristics: 

- Both eccentricity and backlash excite the gear natural fre-
quencies as well as fm. They also may generate a number 
of sidebands about both the natural and gear mesh fre-
quencies.  

- If a gear is eccentric, it will modulate the natural fre-
quency and gear mesh frequencies, both of which will be 
sidebanded around fr of the eccentric gear. An eccentric 
gear can generate significant forces, stresses and vibration 
if it is forced to bottom out with the meshing gears [20]. 

In the results of the envelop analysis with DWT, the high 
harmonics of fm occurred by strong wearing phenomena 
caused by misaligned teeth. In the power spectrum (Fig. 6), 
25Hz (fr) and its harmonics are generated and 11.32Hz was the 
ball pass frequency of inner race (BPFI [fd]). In Fig. 6(c) and 

Table 1. Specification of gearbox and bearing. 
 

 Gear Pinion 

No. of teeth 50 70 

Speed of shaft 25.01 rev/s 

Meshing frequency 1250 Hz 1750 Hz 

Bearing (NSK HR 32206J) 
No. of rolling 

element 17 Type Defect Freq. 
(fd) 

Fault Freq.
(fd X fr) 

Diameter of  
outer race 62 mm 

Diameter of  
inner race 30 mm 

BPFO 
BPFI 
FTF 
BSF 

8.76 Hz 
11.24 Hz 
3.84 Hz 
0.44 Hz 

219.3 Hz 
281.38 Hz
96.13 Hz 
11.01 Hz 

BPFO : ball pass frequency of outer race 
BPFI : ball pass frequency of inner race 
FTF : fundamental train frequency 
BSF : ball spin frequency 

 
Table 2. Specifications of data acquisition system. 
 

2 Channel AE 
system on  
PCI-Board 

18-bit A/D conversion 
10M samples/s rate 

(on one channel, 5M samples/s on 2 AE channels)

AE Sensor 
(Wideband type) 

Peak sensitivity V/(m/s);[V/µbar] : 55[-62] dB 
Operating frequency range : 100-1,000 kHz 

Directionality : ±1.5 dB 

Preamplifier Gain 
Wide dynamic range < 90 dB 

Single power/signal BNC or optional separate 
power/signal BNC 20/40/60 dB selectable gain 

 
 

 
Fig. 5. Spectrum indicating misalignment of gear (GMF = fm)[20]. 

 

 
Fig. 6. Power spectrum of the second day. 
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(d), the center dash line is shown for fm and 2fm, and their side 
lines are the sidebands with difference 25Hz (fr). 

In condition monitoring for general rotating machinery, the 
harmonics (2fr, 3fr, 4fr, ) of fr occurred higher than fr when 
the misalignment happened. According to the phenomena of 
misalignment as shown in Fig. 5, high level harmonics of fr 
were generated such as in Fig. 6(b), and 2fr was always bigger 
than fr as shown in Fig. 7(a). The level of 2fm from second to 
thirteenth day was higher than or similar to fr as shown in Fig. 
7(b). Thus, it is easily catching up to the misalignment that 
occurred in this test rig. However, it might be that faults of this 
system are not only misalignment but also resonance trouble, 
looseness, bearing fault, etc. 

Wearing effect by misalignment pollutes the lubrication oil. 
In Fig. 8, it could be found by the worn teeth and the spots 
near the pieces of gear teeth. The dripped pieces from the 
unloading surface raised the wearing effect on the loading 
surface, then the gap between gear and pinion was increased. 
In addition, we could know that the impact marks on the 
unloading surface (Fig. 8(b)) were generated by misalignment; 
the impacting force was strong in the initial condition. In this 
way, the gear teeth were seriously damaged as in Fig. 8. In Fig. 
6(c) and (d), the sidebands are created on wide-spread fre-
quency range near fm and 2fm. That is similar to a state excited 

by impact force. To confirm the natural frequencies of the 
test-rig, a modal test was fulfilled. The result of the modal test 
for the gearbox, as in Fig. 9, show that fm and 2fm exist on the 
exiting frequency range. On the other hand, partial frequency 
bands close to fm and 2fm were excited by the impact force, but 
it is not an exact natural frequency because the phase did not 
shift enough. Therefore, the peaks near fm and 2fm were ampli-
fied and have many sidebands of fr and 11.32Hz (BPFI [fd]). 
Therefore, it is considered that excessive backlash occurred. 
Moreover, Fig. 10(a) shows the zooming power spectrum of 
Fig. 6(a) focused on fr harmonics. We could clearly know that 
if the sidebands were caused by BPFI [fd], then the inner race 
had some kind of fault. To find out the fault, the surface of the 
bearing inner race was carried out and viewed by a micro-
scope with 100X zoom as shown in Fig. 11. Small spots were 
found on the surface, and small cracks were found out on the 
spots. However, this trouble was not seeded and existed from 
the initial condition. Thus, it is as assumed that the problem 
happened in assembly and/or was caused by misalignment.  

To identify the sensing ability of the AE, vibration signal 
was acquired through accelerometer and compared with the 
AE signal. Also, to find the advantage of the proposed signal 
processing method, it was compared to traditional envelope 
analysis.  

 
(a) Harmonics of the rotating speed 

 

 
(b) Harmonics of the gear mesh frequency 

 
Fig. 7. Peak level trend along days. 

 
Fig. 8. Gear tooth weaned by misalignment. 

 

(a) Phase 
 

(b) Frequency response function 
 
Fig. 9. Modal test result. 
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The power spectrum of the AE signal using traditional en-
velope analysis is shown in Fig. 10(b), and the power spec-
trum using the vibration signal by accelerometer is displayed 
in Fig. 10(c). The vibration signal was treated by the same 
method with AE signal. The harmonics of fr are generated, and 
2 fr for detecting the misalignment is created and can be found 
in all spectrums (Fig. 10), but the power spectrum of the AE 
signal, Fig. 10(a) and (b), can explicitly display the defect 

frequencies as compared to the accelerometer signal (Fig. 
10(c)). For example, in Fig. 10(c), the sidebands of BPFI are 
not easily found because of the higher level of noise in the low 
frequency range below fr than in the AE signal with or without 
DWT. 

According to the above results, we can understand that the 
AE signal can detect the fault more easily than accelerometers 
and can be used in the condition monitoring system for early 
detection fault. Moreover, as shown in Table 3, which is the 
ratio of peaks versus the maximum peak in the respective 
spectrum, the peak levels of the harmonics of fr and sidebands 
caused by BPFI are highly generated in the proposed signal 
processing method (Fig. 10(a)) than the traditional method. 
This can lead good feature values to evaluate the condition of 
the machinery. Therefore, the power spectrum of the proposed 
envelope analysis using AE signal can be shown the clean 
result with harmonics and sidebands and is a better technique 
for condition monitoring system. 

 

 
(a) Power spectrum of the AE signal using envelope analysis with DWT(suggested) 

 

 
(b) Power spectrum of the AE signal using traditional envelope analysis 

 

 
(c) Power spectrum of the signal from accelerometer 

 
Fig. 10. Sidebands BPFI in the first day power spectrum. 

 
Fig. 11. Zooming of the inner race surface of the fault bearing. 
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5. Conclusions 

In this paper, a signal processing method for AE signal by 
envelope analysis with discrete wavelet transforms is pro-
posed. For the detection of faults generated from a gear sys-
tem using the suggested signal processing, a gearbox was 
installed in the test rig system. Misalignment was created by 
twisted case caused by arc-welding to fix the base, and bear-
ing inner race fault is generated by severe misalignment. To 
identify the sensing ability of the AE, vibration signal was 
acquired through accelerometer and compared to the AE sig-
nal. Also, to find the advantage of the proposed signal proc-
essing method, it was compared with traditional envelope 
analysis. 

According to the experiment result, AE sensor can detect 
the fault earlier than an accelerometer because of high sensi-
tivity, and in the power spectrum, the harmonics of the rotat-
ing speed and the gear mesh frequency clearly occurred. Mis-
alignment was observed and bearing faults were also detected 
in the early fault stage. The proposed envelope analysis is 
worked to evaluate the faults and indicated the faults frequen-
cies, rotating speed, sideband of BPFI, gear mesh frequency 
and harmonics, explicitly. 

Therefore, for condition monitoring of the machinery, the 
AE system is a powerful method to detect faults earlier, and 
the proposed signal processing method, that is the envelope 
analysis intercalated DWT using Daubechies mother function 
between BPF and wave rectification, can be shown to provide 
better result than traditional envelope analysis. 
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