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Abstract - Vibration signals produced by defects in motor rolling element bearings present a highly non-linear and non-
Gaussian behavior. These defects produce characteristic fault frequencies that cause amplitude modulation of vibration 
signatures and also tend to modulate the structural resonance. The key task to diagnose bearing faults is to detect and identify 
sidebands in the frequency spectrum. The conventional bispectrum has difficulty in identifying the sideband pairs of sum 
and difference frequencies simultaneously because the expression for the conventional bispectrum is insufficient to reveal 
the nonlinear coupling effect in the modulated signal. In order to overcome the shortcomings in the conventional bispectral 
analysis method, a new tool called “heterodyne bispectrum” is proposed, which could interpret the bispectral analysis of 
vibrations in the presence of amplitude modulation more precisely. Due to the great influence of the high-frequency 
structural resonance, the low-frequency bearing characteristic frequencies and their harmonics are easily smeared and unable 
to be identified. Therefore, a new approach based on the fusion of envelope analysis and heterodyne bispectrum, called the 
“envelope-based heterodyne bispectrum” is employed for fault detection and diagnosis of motor bearings. Numerical 
simulations as well as vibration signals from bearings containing outer-race faults are used to demonstrate the effectiveness 
of this proposed technique. 
 
Index Terms—Heterodyne bispectrum; Envelope analysis; bearings; defect detection.  
 
I. INTRODUCTION 
 
The rolling element bearing is one of the most critical 
components in rotating electrical machinery due to 
the fact that the large majority of problems arise from 
faulty bearings [1]. Therefore, proper monitoring of 
bearing condition is highly cost-effective in reducing 
capitalised loss. Defect detection and diagnosis 
schemes have been developed to provide advanced 
warnings of incipient faults, so that appropriate 
maintenance action can be taken at an early stage. 
This helps prevent faults from developing into a 
catastrophic machine failure and avoid unnecessary 
costs and delays caused by the need to carry out 
unscheduled repairs. The bearing vibration signatures 
present a highly nonlinear and non-Gaussian 
behavior, the conventional power spectrum approach 
is unable to identify these properties due to phase 
blindness. Hence, higher-order spectrum (HOS) can 
give the required phase information and help in 
discriminating the independent frequency 
components in the power spectrum from those caused 
by nonlinear interactions. Bispectrum is a useful 
signal processing tool for identifying a process that is 
either non-Gaussian or is generated by nonlinear 
mechanisms [2]. The bispectrum and bicoherence of 
vibration signatures have been used for bearing fault 
diagnosis [3], [4]. The conventional bispectrum is 
unable to correctly identify sideband pairs of sum and 
difference frequencies and leads to an erroneous 
interpretation of peaks in the power spectrum. 
Therefore, the disadvantage of the conventional 
bispectrum has been concerned in [5] and a modified 
bispectrum and bicoherence technique is introduced 
to analyze the modulated signals from bearing 

vibration. The low-frequency bearing characteristic 
fault frequencies and their harmonics are easily 
immersed in background noise and unable to be 
identified in the spectrum because of high-frequency 
structural resonance. Hence, the bearing vibration 
signals need to be demodulated in order to reveal the 
low-frequency spectral content.  Envelope analysis or 
amplitude demodulation has become a very efficient 
and popular technique for extracting the modulating 
signal from an amplitude-modulated signal. This 
envelope detection method involves creating the 
analytic signal using the Hilbert transform. 
Application of the Hilbert transform technique can be 
used for diagnostics of rolling element bearings 
where faults have an amplitude modulating effect on 
the bearing characteristic frequencies [6]. The 
envelope-based heterodyne bispectrum, which 
integrates the merits of bispectrum and envelope 
analysis techniques, is proposed in this study for fault 
diagnosis of motor bearings. This paper will be 
organized as follows.  An outline of theoretical 
foundations of conventional bispectrum and the 
expression for heterodyne bispectrum with 
quantitative numerical simulations is described in 
Section II. Section III describes the vibration 
characteristic frequencies of rolling element bearings. 
Section IV describes the experimental rig and its 
associated data acquisition system. Section V 
presents experimental validation using bearing 
vibration data obtained from bearings with outer-race 
defects and a detailed discussion on the ability and 
robustness of the newly developed enveloped-based 
heterodyne bispectral technique for the bearing defect 
identification under motor’s full-load condition.  
Finally, the conclusions are presented in the last 
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section.

Fig. 1. The first simulation signal (a) a part of time signal, (b) power spectrum, (c) conventional bispectrum, (d) heterodyne 
bispectrum. 

 
II. BISPECTRAL ANALYSIS TECHNIQUES 
 
A. Conventional Bispectrum 
For a time signal, denoted by )(ts , the Fourier 
transform )( fs  is given by 






 dtetsfs ftj 2)()(                    (1) 

The bispectrum is a frequency domain measure which 
provides information on the degree of coupling 
between three frequencies,

1f , 
2f  and  

21 ff   of  )(ts
. According to [2] the conventional bispectrum can be 
defined as 
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where )]()()([),( 21213   tststsEc is the third 
order cumulant of the original signal )(ts . And 

1 and 

2  represent the time difference. ][E  represents the 
expectation operator and * denotes the complex 
conjugate. It can be seen that the bispectrum is 
complex and that the bispectral values depend on two 
frequencies

1f  and
2f . Rewriting (2) in terms of 

amplitude and phase quantities gives 
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where the biphase )()()(),( 212121 ffffff    
.  
A very interesting phenomenon caused by a second 
order nonlinearity is the quadratic phase coupling 
(QPC), where nonlinearity interactions between two 
harmonic components may cause the generation of 
frequencies at their sum and/or difference 
frequencies. The phase relations of bispectrum also 
follow the frequency relationship. This phenomenon 
is called QPC. QPC occurs among the three 

frequencies 
1f , 

2f  and  
21 ff  when the phases of the 

three frequency components sum to zero. The phases 
have the following relationship:  
 

)()()( 2121 ffff                               (4) 
Hence, the statistical averaging will not approach a 
zero value in the bispectrum according to (3). The 
occurrence of QPC is indicated by a peak in the 
bispectrum at the bifrequency ),( 21 ffB  when the 
associated biphase ),( 21 ff  approaches zero. 
 
Vibration signals generated by faulty bearings can be 
modelled as an amplitude modulation of a carrier 
signal at the resonance frequency by periodic pulses. 
Thus, the modulated signal can be represented by 
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where 

ax  is the modulated signal, 
0a is the amplitude 

of interest, 
ca  is the carrier signal amplitude, 

mf  is 
the modulating signal frequency,

cf is the carrier 
signal frequency and m  is the modulation coefficient.  

0  ,  
m  and 

c  are the initial phases of the signal of 
interest, the modulating signal and the carrier signal 
at time t=0, respectively.  
 
The first simulation signal based on (5) is 
constructed, where 

0a =1, 
ca =1, m=1, 

mf =150 Hz 
and 

cf =600 Hz. The initial phases of 
0 =

m  and 
c  

are uniformly distributed 
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Fig. 2. The second simulation signal (a) a part of time signal without noise, (b) the noise signal with SNR of -6 dB, (c) the simulated 

noisy signal, (d) the power spectrum, (e) the heterodyne bispectrum. 
 
between 0 and 2 . The sampling frequency is taken 
as 2 kHz with 2048 points. Fig. 1(a) shows a part of 
time waveform of the first simulation signal. At the 
same time, the time window of the rectangular type 
for weighting signals is chosen and the FFT length 
used is the same as the length of time samples.  The 
power spectrum of the simulation signal is shown in 
Fig. 1(b). There are four peak frequencies, as 
expected, appear at 150 Hz, 450 Hz, 600 Hz, and 750 
Hz, respectively. Due to the phase blindness, the 
power-spectrum-based approach is unable to 
distinguish whether the four frequency components 
are harmonically related, spontaneously excited or 
statistically independent. Therefore, the bispectrum is 
further employed to examine the interactions of the 
four frequency components and the results are shown 
in Fig. 1(c). It is noted here that only the inner 
triangle is considered, which is sufficient for a 
complete description of the bispectrum [3], [7]. It can 
be clearly seen from Fig. 1(c) that two distinct 
bispectral peaks appear at (450, 150) Hz and (600, 
150) Hz in the bispectrum contour plot. According to 
(2), the peak at 750 Hz in Fig. 1(b) is the sum of the 
two frequencies 600 Hz and 150 Hz resulting in the 
750 Hz. The 750-Hz component is correctly 
identified since ),( 21 ffB  is given by 

)]()()([ 21
*

21 ffSfSfSE  . By following the same rule, 
the 600-Hz component in Fig. 1(b) is taken for 
granted as the combination of the 150- and 450-Hz 
components. Actually, the bispectral peak at (450, 

150) Hz component is considered as a false peak or 
the expression for the conventional bispectrum in (2) 
is insufficient to reveal the nonlinear coupling effect 
in the modulated signal. 
 
A. Heterodyne Bispectrum 
In order to overcome the above shortcomings, a new 
expression is required for a more precise 
interpretation of the bispectrum . Therefore, the 
heterodyne bispectrum,  ),( 21 ffH  is proposed here 
and its definition is given as  

),( 21 ffH  
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In the format of magnitude and phase, (5) can be 
rewritten as 
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with the biphase 

),( 21 ff
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As shown in (4), if there is phase coupling between 
the two frequency components 

1f  and 
2f , their 

phases are related as 
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Fig. 3. Geometric parameters and characteristic frequencies of 

rolling element bearings. (a)cross-sectional view of bearing 
(b)axial view of bearing. 
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By substituting (9) into (8), the biphase of the 
heterodyne bispectrum will be zero and the amplitude 
of the heterodyne bispectrum will be the maximum of 
the complex product. Therefore, only one bispectral 
peak will appear at ),( 21 ffH  indicating that two 
signals at frequencies  

1f  and 
2f  mutually interact to 

generate the sum-frequency component 
12 ff   and 

the difference-frequency component 
12 ff  . This 

approach is more accurate and efficient in 
representing the sideband characteristics of amplitude 
modulation signals. From Fig. 1 (d), it can be clearly 
seen that only one single peak appears at (600, 150) 
Hz, indicating that the difference-frequency 
component 450 Hz and the sum-frequency 
component 750 Hz are the result from amplitude 
modulation between 150 Hz and 600 Hz.  
 

 
Fig. 4. Experimental set-up and data acquisition system. 

 
The second simulation signal is used to demonstrate 
whether the newly proposed heterodyne bispectrum is 
able to detect and identify the present of QPC or AM 
under the amplitude of interest being significant 
attenuated in (5). The values of the parameters 
correspond to (5) are the same as those of the first 
simulation signal except that 

0a =0.01. Fig. 2 (a) 
shows a part of time signal of the second simulation 
signal without noise. Furthermore, in order to 

examine the effectiveness of the heterodyne 
bispectrum, an additive random noise signal with a 
signal-to noise ratio (SNR) of -6 dB was introduced 
into (5) and the results are illustrated in Figs. 2 (b-c). 
From the power spectral distributions as shown in 
Fig. 2 (d), only three peaks frequencies at 450 Hz, 
600 Hz and 750 Hz can be observed. It is very 
difficult in revealing the 150 Hz component of 
interest, because the amplitude of the 150 Hz 
component is significantly attenuated. From the 
bearing diagnostic point of view, the magnitudes of 
the bearing characteristic frequencies are less 
significant when the developing defect of bearing is 
at an incipient stage. 
 
From Fig. 2(e), it can be observed that the largest 
peak appears at (600, 150) Hz indicating that the 
heterodyne bispectrum is able to precisely detect and 
identify the occurrences of QPC and AM under a low 
SNR condition. From the above observations, it can 
be deduced that the bispectral energy at the sidebands 
completely come from the mutual interaction of the 
150 Hz and 600 Hz components.  
From the above two simulations, the heterodyne 
bispectral analysis is an effective tool in accurate 
interpretation of bispectral peaks and a reliable tool to 
identify the spectral patterns of amplitude modulated 
signals. 
 
III. BEARING CHARACTERISTIC FAULT 
FREQUENCIES  
 
Rolling element bearings generally consist of two 
rings which are called the outer race and the inner 
race with a set of rolling elements rotating in their 
tracks. Each rolling element bearing has its own 
fundamental characteristic frequency of defect. 
These characteristic frequencies (i.e. 

rf , 
of , 

if , 
cf , 

bf ) are illustrated in Fig. 3, which can be calculated 
from the kinematic relations, i.e., the geometry of the 
bearing and its rotating speed. For a rolling element 
bearing with a stationary outer race and rotating inner 
ring, the defect characteristic frequencies can be 
obtained [8] as follows: 
Characteristic frequency of the outer-race 
 

]cos1[
2


p

b
ro D

Dfnf                            (10) 

 
Characteristic frequency of the inner-race 
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b
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where n  is the number of rolling elements,  
rf  is the 

shaft rotational frequency,  
bD  is the diameter of 

rolling element diameter,  
pD  is the pitch diameter 

and   is contact angle of bearing. 
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IV. EXPERIMENTAL SET-UP 
 
The experimental setup consists of a 220V/2.2 kW/60 Hz four-pole three phase induction machine driving a 5 
kW DC generator via two flexible couplings and a torque sensor, as shown in Fig. 4. The generator is used to 
absorb the energy generated by the motor. The motor’s rotating shaft was supported by two deep groove ball 
bearings, where the drive-end bearing was replaced with test bearings (NTN  
 

 
Fig. 5. Faulty outer-race bearing under full-load: (a) time signal, (b) power spectrum, (c) the heterodyne bispectrum, (d) the 

envelope-based power spectrum, (e) the envelope-based heterodyne bispectrum. 
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type 6206ZZ) to create different fault conditions. The 
defect in the outer-race was introduced using electric 
discharge. The defect size is about 1.0 mm in 
diameter and 0.5 mm in depth. The parameters of the 
test bearings are: bore diameter, 30 mm; outer 
diameter, 62 mm; width, 16 mm; number of balls, 9; 
diameter of rolling elements, 9.5 mm; pitch diameter, 
46.46 mm. A piezo-electric accelerometer (B&K type 
4384) was installed on the bearing housing of the 
induction electrical machine for measuring bearing 
vibrations, where a conditional amplifier (B&K type 
2692A) was used to adjust the signal power. A torque 
sensor (Kistler type 4502A) was used to determine 
the motor power through torque and shaft speed 
measurements. The output signals from the charge 
amplifier and the torque sensor were fed to the 
National Instruments SC-2345 carrier via SCC input 
modules. The measured vibration, torque and speed 
signals were sampled at 12 kHz and collected by a 
real-time data acquisition device (NI DAQCard-
6062E). In this experiment, each record containing 
16384 samples from each of the three channels were 
recorded for the faulty outer-race bearing under 
different motor load conditions. 
 
V. EXPERIMENTAL RESULTS AND 
DISCUSSION 
 
The raw vibration signal of 16384 samples was used 
and preprocessed by subtracting the mean value to 
remove the offset effect. In order to separate the high-
frequency content from the raw vibration signal, the 
Hilbert transform is employed to demodulate 
vibration signals and also to obtain their 
instantaneous amplitude (envelope) and frequency 
[9], [10]. Then, the envelope of the signal was 
generated by calculating the absolute value of the 
analytic signal. In order to eliminate ringing and to 
smooth the envelope, the envelope signal was filtered 
by the sixth order Butterworth low pass filter. The 
cutoff frequency was chosen as the highest resonant 
frequency of the bearing system according to the 
power spectrum of the vibration responses. Following 
that the envelope-based heterodyne bispectra were 
calculated using a 4096 point FFT with a Hanning 
window and a 80 % overlap of the filtered envelope 
signal. This generated a matrix of 2049x2049 
bifrequency components which provided a sufficient 
description of the envelope-based heterodyne 
bispectrum for the purpose of bearing defect 
detection. Fig. 5(a) shows an example time signal of 
the faulty outer-race bearing under motor full-load 
condition. From the power spectral distributions in 
Fig. 5(b), it is apparent that significant energy in the 
frequency band lies between 600 to 850 Hz and the 
largest power spectral amplitude appears at about 
785.2 Hz. In Fig. 6(c), the largest peak of the 
heterodyne bispectrum appears at around (697.3, 
87.9) Hz indicating coupling between these 
frequencies. Therefore, the largest peak at 785.2 Hz 

in Fig. 6(b) is the result of the sum of the two 
frequencies 87.9 Hz and 697.3 Hz according to (6). 
From (10) the expected outer-race characteristic 
frequency is calculated as 103.94 Hz when the motor 
was operated at 1742 rpm. Hence, the direct use of 
the heterodyne bispectrum has difficulty in revealing 
the bearing characteristic frequencies. In order to 
discard the influence of the bearing high-frequency 
resonant response, the Hilbert transform is used to 
reveal low-frequency bearing vibration spectral 
information. From Fig. 6(d), it is evident that the 
outer-race characteristic frequency and its harmonics 
can be clearly identified and marked by 

of , 
of2 , 

of3 ,

of4 and 
of5 . The envelope-based heterodyne 

bispectral plots are shown in Fig. 6(e). By careful 
inspection of the zoom-in plot of Fig. 6(e), it can be 
clearly seen that there are dominant peaks occurring 
at various bifrequency pairs and the largest peak is at 
approximately (208, 104) Hz. Significant peaks lying 
along the frequencies 

1f =104 Hz, 208 Hz, 312 Hz, 
416 Hz and 

2f =104 Hz, 208 Hz, 312 Hz are 
separated by approximately 104 Hz, which 
corresponds to the characteristic frequency of the 
outer-race, of . The presence of these significant 
peaks at the characteristic outer-race fault frequency 
in the envelope-based heterodyne bispectrum 
correctly indicates the occurrence of the incipient 
outer-race defect. The observations above have 
confirmed the usefulness of the envelope-based 
heterodyne bispectrum technique in obtaining the 
bearing diagnostic information. 
 
CONCLUSIONS 
 
Two newly developed bispectral techniques, the 
heterodyne bispectrum and the envelope-based 
heterodyne bispectrum, have been introduced in this 
paper. In comparison with the conventional 
bispectrum, the heterodyne bispectrum is able to 
precisely interpret the bispectral peaks and reliably 
reveal the spectral patterns of AM signals. 
Furthermore, the envelope-based heterodyne 
bispectrum is then introduced to obtain a more 
accurate and efficient representation of the bearing 
vibration signals. Based on the analysis of the bearing 
vibration signals, the results obtained have shown that 
the envelope-based heterodyne bispectrum is 
effective in detecting and identifying the bearing 
characteristic frequencies related to outer-race defects 
under motor’s full-load condition. 
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