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a b s t r a c t

Signal decomposition is a widely-used approach for multicomponent signal processing. To
improve the accuracy and anti-noise performance of multicomponent decomposition, this
paper proposes a novel multicomponent signal decomposition method based on wavelet
ridge extraction, called the Wavelet ridge signal decomposition (WRSD). A wavelet ridge
extraction algorithm is introduced. We find that this algorithm can obtain the wavelet
ridge of one component in a multicomponent signal and the initial scale will determine
the wavelet ridge of which component is extracted. Since the instantaneous frequency
obtained by wavelet ridge has small frequency fluctuation, low-pass filtering is used to
increase the accuracy of instantaneous frequency estimation. With the improved instan-
taneous frequency, the synchronous demodulation method is used to separate the cor-
responding component from the signal composition. By repeating this process, all com-
ponents can be adaptively and automatically obtained. This method is employed to ana-
lyze three typical simulated vibration signals and compared with Hilbet vibration
decomposition and empirical mode decomposition. The comparison results demonstrate
its superiority in decomposition accuracy and noise insensitivity. Finally, the proposed
WRSD method is successfully applied to the diagnosis of a shaft misalignment fault and a
gearbox wear fault.

& 2015 Published by Elsevier B.V.

1. Introduction

In nature and engineering, there are many multi-
component signals, and most of these signals are nonsta-
tionary. Various signal processing methods have been pro-
posed to analyze the multicomponent signals, such as short
time Fourier transform (STFT) [1], Wigner–Ville distribution
(WVD) [2], wavelet scalogram [3], iterative Hilbert transform
[4], etc. A better way to reveal the time-varying amplitude and
frequency characteristic is to decompose the multicomponent

signal into monocomponent signals firstly, and then do fur-
ther analysis with these decomposed components. Signal
decomposition technology has been successfully applied to
various fields, such as mechanical fault diagnosis [5,6], system
identification [7], image texturing [8], biological data proces-
sing [9], etc.

In the past three decades, signal decomposition has been a
hot point for signal processing research, and many effective
methods have been proposed. The discrete wavelet transform
was early used to decompose the signal [10]. But the fre-
quency resolution at each scale is coarse due to the dyadic
time–frequency grid. To improve the time–frequency resolu-
tion, overcomplete wavelet transform has been widely
researched. For example, higher density wavelet transform
[11] and dense framelet transform [12] have been successfully
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applied to the analysis of mechanical faulty vibration signal. A
powerful approach, named as empirical mode decomposition
(EMD), was proposed by Huang et al. [13]. This method has
been widely applied to various fields including mechanical
engineering, structural engineering, biomedicine, etc. How-
ever, EMD has the problem of mode mixing [14], which limits
its frequency resolution. Recently, another multi-component
decomposition method, called Hilbert vibration decomposi-
tion (HVD), was proposed by Feldman [15]. HVD has good
frequency resolution and can distinguish various narrowband
components while EMD cannot. However, both EMD and HVD
are sensitive to additive random noise. They cannot extract
low level signals from the large amplitude additive noise [16].
Like HVD, analytical mode decomposition (AMD) based on
Hilbert transform was developed by Chen and Wang [17],
which can separate closely spaced frequency components.
Generalized demodulation time–frequency method and its
improved methods are also proposed to process nonlinear
multicomponent signals [18–20]. These methods have fine
resolution, but it is very important to select the appropriate
phase functions. More recently, sparse decomposition based
on different transform basis was proposed by Qin [21], which
has high decomposition accuracy, but its computation speed
is relatively slow. We usually expect that the signal decom-
position method is automatic, adaptive, accurate and of low
noise sensitivity. With this motivation, a newmulticomponent
signal decomposition approach based on wavelet ridge is
explored in this paper.

It is well-known that wavelet transform has good time–
frequency localization property. Via wavelet ridge, the
signal frequency can be well obtained. An adaptive wavelet
ridge computation algorithm was proposed by Delprat et
al. [22]. This algorithm is mainly used to analyze mono-
component signals, whereas it can also extract the wavelet
ridge of one component of a multicomponent signal, and
we find that the initial scale will determine the wavelet
ridge of which component is extracted and its theoretical
explanation is given. After obtaining one component’s
instantaneous frequency, the classic synchronous demo-
dulation technique is used to reconstruct this component.
Then this component is subtracted from the signal com-
position. By repeating this process, all components can be
extracted. The decomposition process is adaptive, auto-
matic and can obtain the high frequency component suc-
cessively. In this study, the proposed method is named as
Wavelet ridge signal decomposition (WRSD). Compared
with commonly-used multicomponent decomposition
methods, the proposed WRSD method has higher
decomposition accuracy and is less sensitive to random
noise with low intensity. The application results also show
that the proposed method can better extract the weak
fault feature from the mechanical vibration signals.

2. Wavelet ridge theory

2.1. Asymptotic signal and its exponential model

Let us first briefly revisit the basic definitions and
properties of asymptotic signals. An arbitrary real energy
signal sðtÞ can be represented in terms of instantaneous

amplitude AðtÞ and phase ϕðtÞ, i.e. in the following form:

sðtÞ ¼ AðtÞ cos ðϕðtÞÞ ð1Þ
where AðtÞZ0 and ϕðtÞA ½0; 2π�. Obviously, such a repre-
sentation is not unique. Via Hilbert transform, it is con-
venient to specify a particular one. The analytic signal ZsðtÞ
associated with sðtÞ is obtained by Hilbert transform,
which can be expressed as

ZsðtÞ ¼ ð1þ iHÞsðtÞ ¼ AsðtÞexp iϕsðtÞ
� � ð2Þ

where H denotes the Hilbert transform.
Particularly assume that sðtÞ is asymptotic, which

essentially means that

dϕ
dt

����
����c 1

A
dA
dt

����
���� ð3Þ

Then the instantaneous frequency of sðtÞ can be calcu-
lated as

f sðtÞ ¼
1
2π

dϕs

dt
ð4Þ

2.2. Ridge and wavelet curves

By wavelet transform, we can also describe the time-
varying frequency characteristic of the signal. Assuming
that the signal and the wavelets are all asymptotic, with
the stationary phase method, we can get some particular
sets of curves in the time-scale half-plane, namely the
ridge and the wavelet curve. The ridge describes instan-
taneous frequency characteristic of the signal.

Let ψðtÞ be an asymptotic analytic wavelet [22], which is
expressed as

ψðtÞ ¼ Aψ ðtÞexp½iϕψ ðtÞ� ð5Þ
With this mother wavelet, the wavelet transform of

ZsðtÞ is given by

Wzða; bÞ ¼
1ffiffiffi
a

p
Z 1

�1
ZsðtÞψ� t�b

a

� �
dt

¼ 1ffiffiffi
a

p
Z 1

�1
Aa;bðtÞexp iϕa;bðtÞ

� 	
dt ð6Þ

where a and b are respectively scale parameter and shift
parameter, ϕa;bðtÞ and Aa;bðtÞ are respectively given by

ϕa;bðtÞ ¼ ϕsðtÞ�ϕψ
t�b
a

� �
ð7Þ

Aa;bðtÞ ¼ AsðtÞAψ
t�b
a

� �
ð8Þ

The stationary point ts is defined as ϕ0
a;bðtsÞ ¼ 0, i.e.

ϕ0
sðtsÞ ¼

1
a
ϕ0
ψ

ts�b
a

� �
ð9Þ

We can see from Eq. (9) that the stationary point ts is the
function of ða; bÞ.

Then the ridge is defined to be the set of points ða; bÞ
such that tsða; bÞ ¼ b. It immediately follows from Eq. (9)
that on the ridge

a¼ arðbÞ ¼
ϕ0
ψ ð0Þ

ϕ0
sðbÞ

ð10Þ
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