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Abstract In this paper, a high-resolution time-frequency (TF) analysis method,
called time-extracting wavelet transform (TEWT) is introduced to analyze impulsive-
like signals whose TF ridge curves are nearly perpendicular to the time axis. For
impulsive-like signals, the instantaneous frequency with almost infinite rate of change
is difficult to estimate, but the group delay (GD) with nearly zero rate of change
is easier to estimate. Since the GD is the key feature of frequency-domain signals, it
indicates that one can try to understand impulsive-like signals from the perspective of
frequency-domain signals. In this regard, for an impulsive signal and its Fourier trans-
form (i.e. the frequency-domain harmonic signal), we propose the TEWT that achieves
highly-concentrated TF representations while allowing signal reconstruction, only by

retaining the TF energy closely related to TF features of signals, while removing
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weakly-related TF information. The two contributions of this paper are the proposal
of TEWT and the theoretical analysis of TEW'T for frequency-domain signals. On the
other hand, we provide a rigorous theoretical analysis of TEWT under a mathemati-
cal framework for frequency-domain signals. Specifically, we define a function class as
a set of all superposition of well-separated frequency-domain harmonic-like functions,
where each function can be locally regarded as a sum of a finite number of harmonic
signals in the frequency domain, and establish error bounds for WT approximate ex-
pression, GD estimation and component recovery. Finally, we verify the effectiveness
of TEWT in terms of the energy concentration, robustness, and invertibility through

numerical experiments with synthetic and real signals.

Keywords Time-frequency analysis - Synchrosqueezing - Time-extracting wavelet

transform - Group delay - Signal reconstruction

1 Introduction

Multi-component non-stationary signals are ubiquitous in the physical world, wide-
ly appearing in mechanical engineering [28, 30], animal sounds [27], seismic signals
[25], etc. Time-frequency (TF) analysis (TFA) methods provide a powerful tool for
characterizing multi-component non-stationary signals. Traditional TFA methods can
be roughly divided into linear TFAs [26] and quadratic TFAs [7], but they are lim-
ited by their inherent properties. Linear TFAs, such as short-time Fourier transform
(STFT) and wavelet transform (WT), localize the TF feature by calculating the inner
product between the signal and the basis function, but TF concentration is subject
to Heisenberg uncertainty principle; quadratic TFAs, such as the Wigner-Ville dis-
tribution and its variants, achieve perfect TF resolution by calculating the Fourier
transform (FT) of the local signal correlation, but introduce unexpected cross-terms
for multi-component signals. In order to overcome these shortcomings, some effective
TF post-processing techniques such as reassignment methods (RM) [1, 18, 19], syn-
chrosqueezing methods [8, 9] and synchroextracting methods [39] have been proposed

in recent years.
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The RM was first introduced by Kodera et al. to the spectrogram [18, 19], and
generalized by Auger and Flandrin to any bilinear TF or time-scale distribution [1].
The RM method reassigns the TF coefficients from the original position to the centroid
of energy distribution of the signal, both along the time axis and the frequency axis,
so as to obtain a more concentrated TFR in the TF plane [6, 10], but it cannot
reconstruct the signal. As a special case of RM [2], Daubechies and Maes proposed
synchrosqueezing wavelet transform (SWT) that squeezes the WT coefficients along
the frequency direction with the capability of sharpening and reversible TFRs [8], as
an empirical mode decomposition (EMD) tool [16]. Subsequently, SWT was extended
to other TF transforms, such as STFT [32] and S-transform [17].

Generally speaking, a multi-component non-stationary signal is modeled as:

K

2(t) =Y ap(t) =

k=1 k=1

ag(t)e' ), (1)

M=

where ay(t) and g (¢) are respectively the instantaneous amplitude and instantaneous
phase of the kth component xy(t) of z(t), the derivative of ¢ (¢) is the instantaneous
frequency (IF) ¢} (t) and its second-order derivative is the chirp rate ¢} (t). When
the component z(t) satisfies |a}, (t)], |¢}(t)] < €|@)(t)| (¢ > 0 is sufficiently small),
which can be locally regarded as a harmonic signal showing horizontal lines in the
TFR [8], SWT can reach highly concentrated TFRs and exact invertible properties.
Also suitable for describing slowly varying signals is the recently proposed SET that
achieves a high-resolution TFR [39], only by retaining the closely-related TF coeffi-
cients while discarding weakly-related TF coefficients. However, SWT and SET suffer
from blurred TFRs for signals with fast varying IF. Thus some extensions of SWT
have been developed, such as the second-order cases [5, 35], high-order cases [15,
29], demodulation cases [20, 31, 33, 34], and multiple squeezes transform [37, 38, 42].
Besides, there are also some extensions about SET [13, 21, 23, 40, 41].

Among these extensions, Wang et al. proposed a matching synchrosqueezing wavelet
transform (MSWT) designed for fast varying signals satisfying |} (t)| < oo [35]. It
can be found that SWT, SET and their improved methods are mostly suitable for
characterizing slowly varying signals ( such as |¢}(¢)] — 0 in SWT) and strongly

varying signals ( such as |} ()] < co in MSWT), but not suitable for character-
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izing impulsive-like signals whose TF ridge curves are nearly parallel with frequen-
cy axis, where ridge curves are the curves at the TF plane along which the signal
energy is locally maximum [24]. In order to overcome the limitation, some recently
proposed TFA techniques, called time-reassigned synchrosqueezing transform (TSST)
[14], time-reassigned synchrosqueezing wavelet transform (TSWT) [22], and transient-
extracting transform [36] can effectively characterize impulsive-like signals satisfying
| (t)] — oo. TSST is the time squeezing method under the STFT framework, we
generalize TSST to the WT framework, propose TSWT and provide a theoretical
analysis of TSWT [14]. In this paper, we further extend TET to the WT framework

to introduce a new post-processing TFA method.

The two contributions of this paper are the proposal of time-extracting wavelet
transform (TEWT) and the theoretical analysis of TEWT for frequency domain sig-
nals. In this paper, for impulsive signals and its frequency-domain harmonic signals,
we introduce the TEWT, only by retaining the TF energy closely related to the TF
features of the signal while removing weakly-related TF information, which not only
achieves highly concentrated TFRs, but also considers signal reconstruction. Most
importantly, we provide the theoretical analysis of TEWT under a strict mathemat-
ical framework for the frequency-domain signal model. The remainder of this paper
is organized as follows. In Section 2, WT, SWT and TSST are reviewed. In Section
3, we introduce a TEWT designed for impulsive signals and its frequency-domain
harmonic signals. Section 4 is devoted to study the theoretical analysis of the TEWT,
we define a function class as a set of all superposition of well-separated frequency-
domain harmonic-like functions, where each function can be locally regarded as a sum
of a finite number of harmonic signals in the frequency domain, and establish error
bounds for WT approximate expression, GD estimation and component recovery for
this class. Section 5 verifies the TF concentration, robustness, and invertibility of the
TEWT by using numerical experiments of frequency-domain signals, time-domain sig-
nals and real signals with two quantitative indicators. Finally, conclusions are drawn

in Section 6.
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2 Synchrosqueezing wavelet transform and Time-reassigned

synchrosqueezing transform
2.1 Synchrosqueezing wavelet transform (SWT)
The Fourier transform (FT) of a signal x(t) is defined by [26]:
X(w) = / 2(t)e=“tdt, @)
R

and its inverse FT is defined by [26]:

(1) =5 [ X(w)eta )
w(t) = o ; w)e* dw.

The WT of a signal z(¢) with an admissible wavelet ¢(t) is defined by [26]

t—>
a

Weba) = 1 [ sl (" @
R

where 1)* is the complex conjugate of 1. By Plancherel’s theorem, the WT WY (b, a)

can be rewritten as [26]
le’(b a) = i/ X (w))* (aw)e™’dw (5)
X ) - .
2 R
where the 1 is the FT of . It has been proven that in 8] ,

W;"(b@)da _ ]. /w aw da)X(OJ) iwbdw
a R+

/ b dn )5 / X (w)eduw) (6)

= l‘(b)CdH

R+

setting Cy, = fR+ 1/}*(77)%”, then the signal can be reconstructed by WT,

1

WY (h0) 22 @

The complex reassignment operators t, (b, a) and &, (b, a) can be defined wherever
W2 (b.a) # 0 by [10]

— ¥ (b,a)
ty(b,a) = b—|—aW¢(ba) ®
-~ _ WP (ba)
(b7 a’) - ¢ W;/’(b,a)

where 0, is the partial derivative with respect to b, and #, (b, a) = R{t,(b,a)} is the

real part of complex time reassignment operator.
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The SWT proposed by Daubechies et al. [8] provides an alternative theoretical
way to understand the principle of EMD [16], which is performed via three successive
steps. The first step is to calculate the WT expression WY (b, a) of the analyzed signal
x(t) (1) by (4). The second step is to calculate a candidate IF @, (b, a) for z(t) by (8).
The final step is to reallocate the TF energy from the (b, a) plane to the (b, @, (b, a))

plane in the frequency direction:
T, (b,w) = / WY (b, a)a_%é(w — Wz (b,a))da. (9)
Ay e(b)

where A, (b) :== {a € RT;|W¥(b,a)| > €}. Studies show that the SWT T, (b,w)
can obtain reasonable accuracy while dealing with harmonic-like signals (i.e. |a},(¢)], |7 (¢)]
< €|l (t)]) [2, 8] in the time domain, whose TF ridge curves are almost parallel to

the time axis.

2.2 Time-reassigned synchrosqueezing transform (TSST)

Under the WT framework, SWT uses the IF estimator to reassign the TF energy
in the frequency direction, while the TSST under the STFT framework uses the
GD estimator to reassign the TF energy in the time direction [14]. The TSST is
also performed via three successive steps. The first step is to calculate the STFT

representation S’ (b,w) of x(t) with a window function h(t),

S (byw) = / S(h(t — be=tdt. (10)
R
The second step is to calculate a candidate GD for z(t) (S%(b,w) # 0):
- 0.,S" (b, w)
o(byw) = —g{ Ll Wy 11
where §{z} is the imaginary part of z. The final step is energy reallocation,
Vi (t,w) = / S (b, w)3(t — £, (b, w))db. (1)
Ba.c(b)

where B, (b) := {w € R;|S"(b,w)| > €}. As a post-processing method of STFT,
TSST reassigns the TF information from each point (b,w) to (f,(b,w),w) along the
time direction. By calculating an exact GD estimator tAz(bﬂ,u) of impulsive signal,
TSST can squeezes diffused STFT coefficients near (f,(b,w),w) to obtain a concen-

trated TFR. Study shows that the TSST improves the energy concentration of the
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TFR for impulsive-like signals ( i.e. |} ()] — oo) [14], whose TF ridge curves are
almost perpendicular to the time axis. However, TSST is designed for time-domain
impulsive-like signals, and does not consider frequency-domain signal models. For fur-
ther theoretical analysis, we propose a new TFA to analyze impulsive-like signals or

even frequency-domain signals in the next section.

3 Time-extracting wavelet transform (TEWT)

In this section, we propose a new post-processing tool of WT, named time-extracting
wavelet transform (TEWT), to improve the energy concentration of the TFRs for
impulsive signals or frequency-domain harmonic signals, whose TF ridge curves are

almost perpendicular to the time axis.

3.1 TEWT designed for impulsive signal

To motivate the idea, an impulsive signal z(¢) that has the perfect time location
property is considered [14],
x(t) = Ad(t — to), (13)

where the Dirac function §(¢) is the ideal model for describing the impulsive signal
z(t) only appearing at one time instant to. Substituting Eq. (13) into Eq. (4) leads to
WT of x(t),
“ 1 L t—b
Wx (ba a’) = A(S(t - tO)w (7)dt
a Jr a

1L to—b
= Ay ().

According to (14), if ¥(t) is concentrated around t = 0, then WY (b, a) will be spread

(14)

around the line b = ty and suffer from a blurred TFR. Meanwhile, the local maximum
point of the WT modulus [WY¥ (b, a)|, that is, the ridge point [24], is exactly on the GD
curve b = tg of the signal, where the GD may be estimated by a GD candidate £, (b, a)
[10]. Then by (8), the WT WZ¥ (b, a) of x(t) with respect to t1)(t) can be expressed as

);

)dt
1 ty—0 to—b ’ (15)
— Ay (2

a a a
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According to Egs. (8), (14) and (15), t,(b, a) can be calculated as
to(b,a) = to. (16)

It is clear that the time reassignment operator f,(b,a) can be an exact GD estimator
of the impulsive signal z(¢), and the WT modulus also reaches its maximum value at
b=1t,(b,a).

Therefore, in order to achieve a more concentrated TFR, we introduce the TEWT

only by retaining the WT coefficients on the ridge point b = fm(b, a),
Te(b,a) = WY (b,a) - 6(b— t.(b,a)). (17)

Combing Egs. (14), (16) and (17), we can further derive the TEWT result of

impulsive signal,
1
Te(b,a) = Ew*(O) - AS(b — o). (18)

In order to compare the energy concentration of the WT and the TEWT more
intuitively, we employ a discrete impulsive signal, being sampled at 256 Hz and A = 1,
to = 0.5, where its waveform and frequency spectrum are shown in Fig. 1 (a), (b). It
shows that the impulsive signal has the best time location and the worst frequency
location. Fig. 1 (c¢) and (d) show the WT result and its slice at wg = 64 Hz, it can be
observed that WT obtains a blurred TFR and its energy distribution spreads around
the time b = tg. Furthermore, Fig. 1 (e) and (f) show the TEWT result and its slice
at wy = 64 Hz, it can be seen that the energy distribution of the TEWT is highly
concentrated and only appears at time b = ¢y, which demonstrates that TEWT can
improve energy concentration of blurred WT result for the impulsive signal.

Furthermore, we employ the Rényi entropy [3, 4] to evaluate the energy concen-

tration of the TEWT quantitatively, which is defined as

TFR(t,w)
1 *dtdw. 1
e 82 / / TTTFRL i) 4 (19)

Generally, a lower Rényi entropy value indicates a more energy-concentrated TFR.
The following table 1 lists third-order Rényi entropies of WT and TEWT under four
signal-to-noise ratios (SNRs), where impulsive signal is added with Gaussian white

noises. It shows that, the TEWT obtains the lower Rényi entropies than WT under
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° o
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Fig. 1: (a) Time-domain impulsive signal with ¢ = 0.5 s. (b) Frequency-domain harmonic signal.
(c) WT result. (d) Slice of the WT modulus at wo = 64 Hz, i.e., [W¥ (b,wo)|. () TEWT result. (f)
Slice of the TEWT modulus at wg = 64 Hz, i.e., |Te(b,wo)|.

Table 1: Rényi entropies obtained by WT and TEWT under different SNRs.

SNR=-5dB SNR=0dB SNR=5dB SNR=10dB

WT 6.3265 5.9838 5.5351 5.1177

TEWT 2.6757 2.1394 1.3191 0.5303

four noise levels , which means that TEWT can generate a more energy-concentrated

TFR than WT.
Finally, TEWT maintains the reconstructed property of WT by (7),

2(b) = clw /R T, a)%. (20)

Compared with TSST, which is also designed for impulsive signals, TEWT extracts
the WT coefficients at the b = ,(b, a) instead of reassigning the STFT coefficients in
TSST. In other words, TSST reassigns the STFT coeflicients from the (b, w) plane to
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the (£, (b,w),w) plane along the time direction, while TEWT retains the WT coeffi-
cients on the b = ,(b,a) that is closely related to the TF features of the signal, so
as to achieve a high-resolution TFR. It can be concluded that TEW'T provides a new

tool for characterizing and recovering impulsive signals.

3.2 TEWT designed for frequency-domain harmonic signal

The key step of the TEW'T is the GD estimation, and the GD is the crucial feature
of a frequency-domain signal, it follows that one can try to understand impulsive

signals from the perspective of frequency-domain signal, and frequency-domain signal

can be defined by
X(w) = A(w)e @), (21)

where A(w) is the signal amplitude, ¢(w) and its derivative ¢'(w) are the phase and
the GD of the frequency-domain signal X (w), respectively.

Back to the time-domain impulsive signal z(t) = Ad(t — tp) (13) in the previous
subsection, the change-rate of IF is nearly infinite, which means that its IF is difficult

to be approximated. Through FT (2), its frequency domain form can be written as

X(w):/RAé(tfto)e*iwtdt .

— Ae*iwtg

Contrast with (21), we have A(w) = A, ¢p(w) = wtp, the GD ¢’(w) = to and its change-
rate ¢" (w) = 0, which indicates the GD is easier to be estimated than the IF. It follows
that an impulsive signal z(¢) with strongly-varying IF in the time domain becomes
a harmonic signal X (w) with slowly-varying GD in the frequency domain. In other
words, for impulsive-like signals, time-domain signals with high-order IF approxima-
tion can be replaced by frequency-domain signals with low-order GD approximation.
Therefore, it is necessary to perform TEWT analysis on frequency domain signals.
Similar to impulsive signals in the time domain, TEWT based on frequency-
domain harmonic signals is also performed via three successive steps, starting with

calculating WT. And the WTs of X (w) with respect to 1(w) and v/ (w) are respec-



TEWT for characterizing impulsive-like signals and theoretical analysis 11

tively
7 1 . A
[/1/}?([)’ a) = %/ Ae—zw(b—to)w*(aw)dw
1 X to—b (23)
= AT (2
S (),
W (b,a) = 7217T / Aem(b=00)9h" (qw) dw
j f b, . to—b (24
? 0 0
= A2 (2—).
SA(F )t ()

It can be seen that the WT result given by Eq. (23) is consistent with Eq. (14). The
second step is to calculate a candidate GD fx (b, a). Substituting Egs. (23), (24) into
Eq. (8) leads to the same expression as Eq. (16),
) wi (b
tx(b,a) :b+a%{%} = to. (25)
W (b, a)
where (—it)y(t) RN (w). It also demonstrates that x (b, a) provides an exact GD
estimation for frequency-domain harmonic signal, then x (b, a) is called a first-order
GD estimator. The final step is to obtain the same TEWT result as (18) by retaining
the TF information at b = tx (b, a),
Te(b,a) = WE(b,a) - 6(b— ix(b,a))
: (26)
= (0 A5 to).
In a discrete situation, we consider the TEWT Te(b,a) in the TF plane instead of
the time-scale plane, which is implemented by the following expression

W2 (n,m), if In—¢'(m)| < A

Te(n,m) = (27)

0, otherwise
where n, m and An denote the discrete time variable, frequency variable and the
sampling time interval respectively. By Eq. (27), it shows that TEWT retains the
TF energy of the WT result in the TF region n € (¢/(m) — 42, ¢'(m) + 42), while
TEWT removes the TF energy in the TF region n ¢ (¢'(m) — 4%, ¢'(m) + 42). It
follows that the TEWT only retains the closely-related TF energy while discarding
weakly-related TF coefficients. Therefore, TEWT can achieve a highly resolution TFR

for frequency-domain harmonic signals.
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Finally, the TEWT reconstruction formula we designed for frequency domain har-
monic signals is different from (20), but it still needs to start from WT reconstruction,

which requires evaluating the WT in (23) along the ridge line b = ¢( leads to
P Loy
Wi (t0,0) = — Ay*(0) (28)

Then, the frequency-domain harmonic signal can be obtained by

X2 = awg(to,a)e’i%wt“
a’ ¥*(0) ’

where wy, is the center frequency of z/;(w) It motivates us to recover the signal from

(29)

the TEWT result with a similar reconstruction expression as follows:

X2y = aTe(to,a)e "+t
a’ ¥*(0) ’

which means that TEWT also maintains the invertible property for frequency-domain

(30)

harmonic signals.

Compared with SWT and TSST, the frequency-domain harmonic signal in the
TEWT replaces the time-domain harmonic signal in the SWT, the GD estimator
of TEWT replaces the IF estimator of SWT, the extracting manner of TEWT re-
places the synchrosqueezing way of SWT and TSST, thus TEWT is a different post-
processing method from SWT and TSST. It can also be concluded that TEWT pro-
vides a powerful tool for the analysis and reconstruction of time-domain impulsive

signals or frequency-domain harmonic signals.

4 Theoretical analysis of TEWT

In this section, we provide a mathematically rigorous theorem of TEWT that can
identify and characterize a class of functions H. g in the frequency domain, containing
harmonic-like functions that are well separated, which is different from the class A¢ 4

of SWT [8]. We start with the following definition.

Definition 1 The class H. g is said to be a set of all superposition of well-separated

frequency-domain harmonic-like functions (FHF) up to accuracy € > 0 and with
K K 4

separation d > 0, if each element X (w) = > Xj(w) = 3 Ap(w)e @) € H_,
k=1 k=1

satisfies the following two properties:
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(1) For k € {1,2, ..., K}, functions X (w) with Ag(w) and ¢y (w) satisty:

Ap(w) € CHR)NL>®(R), ¢p(w) € C*(R),

0<my= inf Ag(w) < sup Ap(w)= M < oo,

weRT w
€R* (31)
0< inf ¢ (w) < sup ¢ (w) = M, < oo,
wERT wERT
AL W)l [0k (w)] < el (w)], Yw € RT.
(2) For k € {1,2,..., K — 1}, functions X (w) are well separated with d, i.e.
/ ’ d +
D1 (W) = dp(w) = o WwWERT (32)

Remark. Compared with the class A. 4 of SWT [8], each function X (w) € He 4
is composed of several frequency-domain components Xy (w) with slowly frequency-
varying amplitude Ay (w) and GD ¢} (w), thus the component X} (w) can be locally re-
garded as a harmonic signal with small change-rate of amplitude Ay (w) and GD ¢}, (w)
in the frequency domain. While each function z(t) = i x(t) € Ae.q is composed of
several time-domain components x(t) = ay(t)e**®) kvjilth slowly time-varying ag(t)
and IF ¢} (t), where locally the component x(t) can be regarded as a harmonic signal
with amplitude ay(¢) and IF ¢} (¢) in the time domain. Both modeling harmonic-like
signals, A¢ g is defined in the time domain but . 4 is defined in the frequency domain.

Theorem 1 is the main result of the TEWT, which performs a theoretical analysis
of TEWT for frequency-domain signals in the mathematical framework. Moreover,

Theorem 1 uses an analytic wavelet t(¢), which can be constructed with a frequency

modulation of a real and symmetric window ¢(¢) and is defined as [26]
() = g(t)er ! (33)

where wy, is the center frequency of z/AJ(w), and it can be expressed as

dw) = [ wie = [ gty = g - ). (34)
R R
If g(t) is supported in [—A, A], it means that g(t) = 0 for [¢t| > A.

K
Theorem 1 Let X(w) = . Xj.(w) € Hea, and set € := €'/3. Pick a wavelet 1(t) in

k=1
Schwartz class such that g(t) = ¥(t)e~“t is supported in [—A, A], with A < ﬁ.
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Consider the WT W;g(b, a) of X(w) with respect to Y(w), and the TEWT Te(b, a).
Then, provided € is sufficiently small, the following hold:

(a) |WX1[’(b,a)| > € only when, for some k € {1,2,...,K}, (b,a) € Ty =
{(,a)s | 5302 < Ay,

(b) For each k € {1,...,K}, and (b,a) € T}, such that |W;§(b, a)| > €, we have
R w .
ix(b.a) = (- PN < & (35)

(c) Moreover, for each k € {1,..., K} such that,

aTe(qS;C(%”),a)e*iwj %(%) ¢
5 (0) Xl < (36)

The proof of Theorem 1 is divided into several simple estimates and lemma.

Estimate 1 For each k € {1,..., K}, we have the following:

w
[Ak(w) = Ap(ZD)] < Mo — =2

(37)
w. w w 1 w
[61(w) = dr(=F) = B (ZP)(w = “P) < geMylw = =2
Proof When w > 2% we have (the case w < “” can be done in an analogue way):
A (W)~ Ap(—L)| = I/ Al (z)dz| < / | Al (z)]dz < e/ |61 (z)|dz < eM|w—22],
= a
“ (38)

On the other hand, it is easy to show that

[61(w) = 61(22) = (L) (w — =2
|

/m d|—|/ / 8 (y)dyd
//|¢ |dydx<eMk/a o~ 22 .

To simplify the notation, in what follows, we set

X(w) = Ak(%ﬁ)e*i(m(“f )+ (T) w=TE)). (40)

Estimate 2 For each k € {1,..., K}, and for (b,a) € R x R, we have:

wpy L PL(2E) b
a bg (ki

Wi (ba) = X (22! )
N T I “
Wy, (b.a) = (=)W} (b,a),
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Furthermore, we have:

W2 (b,a)| < ei(a),

WE(b.a) S WL

Wy (b,a)| < e2s(a),
1

W (b,a) -

M= L]~
&

=~
Il

where

21(a) = Y (ML (@) + 3 MM D (@),

1
(M Ii(a) + 5 My My I5(a)).

.Qg(a) = 2

M= 11
5

=
Il
—

with )
L(a) = — [ w— 2P |(aw)|dw,
P 27 /R a (44)

1 R
@ = 5 [ o= ZEpi s, p= 1.2

Proof According to the WT definition (5), the WT W;ék (b,a) of Xj(w) with

respect to wavelet ¢(w) can be calculated as

P
Ws (b,a)

k

% /R X (W)™ (aw) e dw

1 Wip\ i, (2 il (Y (. C ;
A i (2 >/ i () 0= ) 5 (s — 0 )€
5 K ( . Je e " (aw —wy)e w

1 w, L Wap " . ¢;c(ﬂ)*b <45>
e el IO
Ta a R
1 w. Pl N ¢/ (%) —b
= —Xp(=h)el Tt ().
a a a

where the third equality uses w = WT% And W;éf; (b,a) of Xy(w) with respect to

' (w) = §'(w — wy) can be expressed as

i ]_ ~ ~ .
2l _ I 1wb
Wf(k(b’ a) = o RXk(w)z/J (aw)e™’dw

2T a
1 W\ 20y [y iSRG

_ i i a Sd 46
5o XK= ")e 0 ©) 3 (46)
. ] (W /(W

W ey O () - b O (F) —b

= SX (Sl (g (et
G b

= (=% - )W;gk(b a)

where §'(w) > —itg(t).
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On the other hand, for (b,a) € R x R, we have

ZWP b, a) <Z|W¢’ b, a) (b a)l

< iil / — Ap(SE))eT ) (aw)e

27 1 R k
1 & wuy we o 4
%;/RA (e7 k) — ORI @0 ) (qo)eiPd] - (47)
1

< 5 2 s~ Al

g 2o [ Ao = 0u(5) = o (e = Sl )

where we use the differential mean value theorem e’ — ¢ = je?éx, and according to

Estimate 1, we have

. K
WE(b,a) =Y WL (ba)
K / w . w ~
<> M /R o= 2 ) s+ 20 /R o= L (aw)ldy)  (43)

1
K
<> (ML) + ;MkMkIQ( )) = e (a).

I K i K v
WY (ba) =Y WY (ba)| <Y | W}fk b, a) ;gk(b, a)l
k=1

K
< L3 [ (Aw) = A G (qw)e P
k=

a

-
=

K
+7Z|/I%Ak(wi>(e_z¢k(w)—6_2(¢k(#)+¢k(#)(W—7 )w (aw)ezwbdwl
k=1

2T a
SRR A (19 (aw)|d (49)
< 5 2 14wt~ A

+ — i/ AR () 161 (w) — $r(2L) = 31 (“2) (w — “22) [0} (aw) | duw
2 R a a k a a
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The following lemma indicates that each zone T} does not intersect with each
other:

Lemma 1 For k € {1,..., K — 1}, Tj41 () Tk = 0 when d > 2w, A.

Proof If (b,a) € Ty, then we have

GL(22) —aA < b < ¢ (L) +ad (50)

According to separation condition (32) and d > 2wy A, we have ¢ (%) —

P (L) > % > 2aA, which is equivalent to ¢}, (%) — aA > ¢ (2£) + aA. It

a

means that the lower boundary of the zones T is above the upper boundary of the

zones Ty, i.e. Tpr1 Tk = 0.

Proof of Theorem 1 (a) If (b,a) ¢ Ty, i.e. |¢k | > A, then g(w) =
0. Thus, when (b,a) ¢ |J Tk, by (41), we have
1<k<K
K
) wy, ey, OR(5) b
> Wg (ba) ZXk “E)e g (et =0, (51)

k=1

By (42), it follows that |W;(Z’(b, a)| < ef21(a). According to Lemma 1, assume €
satisfies

€52 (a) <1, (52)

then \W;g(b, a)| > € only when, for some k € {1,2,..., K}, (b,a) € Tk.
Estimate 3 For k € {1,...,K}, and (b,a) € T}, we have:

(W (b,a) = WY (b,a)| < e (a),

i i (53)
WY (b,a) — W}ﬁk (b,a)| < ef2s(a).
Proof For (b,a) € Ty,(k # £), i.e. (b,a) ¢ T, ‘M | > A, then Q(M) =
0 and by (41), we have
K ~
> WY (ba)=0. (54)
\<iZRh<K
Thus, we have
~ K K ~
(WL (b, a) —W (ba)| < WL (b, a) Zka ba)+] Y W;’ge(b,a)|
k=1 1<£k<K (55)

< ef(a).
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Moreover, for (b,a) € Ti(k # £), i.e. (b,a) ¢ Ty, assume |M%w)_b| < 00, and by
(41), we have
Koy Lo —b
> WY (b,a) =i > ()W (ba) =0. (56)
1<t#k<K 1<t£k<K
Thus, we have
0 / K 0
(WY (b, a) — (b a)| < WY (b,a) Zka (bya)l+] Y W%Z(b,aﬂ

k=1 1<£k<K (57)

S 692(&).

Next, we will consider the error analysis of the GD estimator and the true GD.
Estimate 4 Suppose that (52) is satisfied. For k € {1,..., K}, and (b,a) € Ty

such that |W;§ (b,a)| > €, then we have

Fx(b,a) = 4(Z2)| < ¥ I(a), (58)

where I'(a) = a(£22(a) + 21 (a)A).
Proof By definition, £, (b,a) is the complex reassignment operator of i, (b, a),
and expressed as

Fx(b,a) = b—ialx 9 (59)

we have then

ltx(b,a) — ¢§€(7)| =b- iaAi)

~y Wl _ ~
WY (b, a) — i GGV 4, q)

a

W (b, a)
Wy (b.a) - iAWY (5,0)

a

| (60)

W (b, a)
ACDZ (Wi (b.a) ~ WL (b,a))
W (b, a)

=
According to Estimate 2, for (b,a) € Tk, i.e. |M\ < A, so that
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T 2 /‘ Yy b > H
Wi ) - Wy o) ACIZ (WY (b,a) - W, 00)
a

Ex(b.a) = Sh(Z2)] < a

Wb, a) Wi (b, a)
< e3a(2(a) + 21(a)A) = €3 I'(a).
(61)
Proof of Theorem 1 (b) By (8), t,(b,a) = R{t,(b,a)}, then
- w - w
[Ex (b.a) = G4(=5)] = [R{Ex (b.a)} — 64 (= )] )
~ w 2
< [ix (b.a) = G(“5)] < €40 (a),
If we impose an extra restriction on € as follows
esI(a) <1, (63)
the estimate can be simplified to
~ w B
Ex (b.a) = G (=F) <& (64)

Finally, we will consider the error of component recovered by TEWT.
Proof of Theorem 1 (c) Since ¥*(t) = g*(t)e~ "+t 4*(0) = ¢g*(0), we evaluate
the WT in (41) along the ridge line b = ¢}, (“%) of X (w) leading to

Do Wy oy L W g ey
WE (04(52),0) = — X (22)e 4 g7 0)

Cll w v Y (65)
— Y L (S
= —Xp(—)e' ™= %l 0
LX) ¥ (0),
thus, )
AW ($(22), a)e "= )
Xy = e (66)
a ¥*(0)
According to Estimate 3, and when e satisfies (52) and (63), we have
laTe((b;C(%w),a)efi“;‘w;(%) Xu(28)]
*(0) Ta
a ; w ; w
< gy WX (@4(50).0) = W ($,(50), a)l|
$*(0) a T a
Do (we i gt (D (67)
PRGOS
4 (0) Ta
a a€
< el —=[f21(a) <
¥(0) [¥(0)]

The proof of Theorem 1 is finished.
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5 Numerical experiments

To explore the performance of the TEWT comprehensively, we employ the third-
order Rényi entropy [3, 4] and the reconstruction quality factor (RQF) [11, 12] to
quantify the analysis results. The RQF is defined as

_ 2 ()11
RQF = 10log;, T20) — o O (68)

where z(t) and z,(t) denote the noise-free signal and the reconstructed signal, re-
spectively. Generally, a higher RQF value means better reconstruction performance.
Besides, we compare TEWT and four TFA medthos, including WT, SWT, MSWT
and TSST. For the analysis function used in the numerical experiments, WT, SWT,
MSWT and TEWT use Morlet wavelet, TSST uses the Gaussian window function.

5.1 Frequency-domain signal

The test signal X (w) contains two components (X;(w) and Xo(w)) and is defined

in the frequency domain:
X(w) = X1 (w) + Xa(w) = Ay (w)e @) 1 Ay (w)e02(@) (69)

where

¢1(w) = —0.001w3 + 0.16w% + 1.2w, (70)

2 (w) = 0.03w2 + 5.2w + 250 In(0.05w + 0.6).

This signal is sampled at 512 points and its sampling frequency is 128 Hz.

2]

Rényi Entropy (bits)

0 5 10 15 20 25 30
Input-SNR (dB)

Fig. 2: Under different noise levels, Rényi entropy curves of TFRs generated by different TFA

methods.
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Fig. 3: The comparison study of the test signal with zero dB Gaussian white noise: (a) WT, (b)
zoom of the WT, (¢) SWT, (d) zoom of the SWT.
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Fig. 4: The comparison study of the test signal with zero dB Gaussian white noise: (a) TSST, (b)
zoom of the TSST, (¢) TEWT, (d) zoom of the TEWT.

Fig. 2 shows the third-order Rényi entropy curves of five TFA methods (WT,
SWT, MSWT, TSST and TEWT) for frequency-domain signal X (w) with different
noise levels, where X (w) is added with Gaussian white noises ranging from 0 to
30 dB of SNR, and the Rényi entropy will decrease with the improvement of the

energy concentration of TFR. It can be seen that under any noise level, WT has the
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Fig. 5: The comparison study of the test signal with SNR=0 dB impulsive noise: (a) WT, (b) zoom
of the WT, (c) SWT, (d) zoom of the SWT.
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Fig. 6: The comparison study of the test signal with SNR=0 dB impulsive noise: (a) TSST result,
(b) zoom of the TSST, (¢) TEWT, (d) zoom of the TEWT.

largest Rényi entropy value, which means WT obtains the worst TF concentration
performance. As post-processing methods of WT, SWT, MSWT and TEWT all have
much smaller Rényi entropy values than WT, thus these post-processing methods
have greatly improved the TF concentration performance of the WT. Compared with

the other four TFA methods, TEWT has the smallest Rényi entropies at each noise
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level, which indicates that the TEWT performs the best ability to improve the TF
energy concentration and achieves the best TFR result among all the methods. This
can be specifically illustrated by Figs. 3-6.

In Figs. 3-4, we added Gaussian white noise with SNR=0 dB to the signal to
verify the TF performance of TEWT in the noise situations, and we compare the TFR
results generated by WT, SWT, TSST, TEWT and their zoomed-versions, where the
third-order Rényi entropies are showed in each picture. It can be observed that WT,
SWT and TSST suffer diffuse TFRs and are very sensitive to noise. Compared to
these TFA methods, the proposed TEWT in Fig. 4 (c), (d) obtains the lowest Rényi
entropy value, reaches the best TFR result while improving the noise robustness.
Moreover, we added impulsive noise with SNR=0 dB to the signal in Figs. 5-6, which
further verify the superiority of TF performance of TEWT in the noise situations.
Thus, Figs. 2-6 clearly demonstrate that the TEWT is superior to other methods in

terms of TF energy concentration and noise robustness performance.

Frequency (Hz)
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4
Time (s)
(a) (b)
60 ' , 60 ' '
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=401 >40
15} o
c c
[} [
=} =]
g20r g20
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0 1 2 3 4 0 1 2 3 4
Time (s) Time (s)

(c) (d)

Fig. 7: The comparisons of GD estimation: (a) SWT, (b) MSWT, (c) TSST, (d) TEWT.

Furthermore, we compare the GD estimation of four TFA methods for X (w) under
noise-free situation in Fig. 7, red lines denotes true GD trajectories, blue lines denote
estimated GD trajectories. It can be found that SWT in Fig. 7 (a), designed for slowly

varying signals (satisfying |} (t)| — 0), fails to estimate the GD of X (w) whose TF
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Fig. 8: (a) The original signal and the reconstructed signal, (b) The reconstructed signal and the

reconstructed error.

ridge curves that changes rapidly or even perpendicular to the time axis. For the
MSWT that is suitable for fast-varying signals (satisfying |¢}(t)| < oo) in Fig. 7
(b), it greatly improves the GD estimation accuracy of SWT. However, TSST and
TEWT, designed for impulsive-like signal (satisfying |} ()] — oco) whose TF ridge
curves nearly perpendicular to the time axis, provide more precise GD estimations.
By carefully comparing (c) and (d) in Fig. 7, TEWT provides a slightly better GD
estimation than TSST, thus TEWT provides a more accurate GD estimation for

frequency domain signals than other TFAs.

Finally, the second quantified indicator RQF is used to evaluate the reconstruction
performance of TEWT in Fig. 8, which is written in the picture. Fig. 8 (a) compares
the original signal (blue line) and the signal reconstructed (red line) by TEWT, and
Fig. 8 (b) compares the reconstructed signal (blue line) and reconstructed error (red
line) by TEWT. The reconstructed signal, reconstructed error and the RQF (17.5 dB)
in Fig. 8 all verify that TEWT can reconstruct the signal very accurately and has
good reconstruction performance. Therefore, for frequency domain signals, TEWT
performs well in terms of TF energy concentration, noise robustness, GD estimation

and reconstruction performance.

5.2 Time-domain numerical fault signal

A numerical fault signal with a rapidly changing status is modeled according to the

mechanical theory [36], the analysis results generated by the TEWT and classical TFA
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methods and their zoomed-versions are shown in Fig. 9 and Fig. 10. The sampling

frequency is 1024 Hz, and time duration is [0, 1].
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0 0.2 0.4 0.6 0.8 1
Time (s)
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0 0.2 0.4 0.6 0.8 1
Time (s)

(c)

Fig. 9: (a) WT result, (b) zoom of the WT
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result, (¢) SWT result, (d) zoom of the SWT result.
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Fig. 10: (a) TSST result, (b) zoom of the TSST result, (c) TEWT result, (d) zoom of the TEWT

result.
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Fig. 11: (a) The original signal and the reconstructed signal, (b) The reconstructed signal and the

reconstructed error.

It can be seen that in Fig. 9, restricted to the Heisenberg uncertainty principle,
WT in Fig. 9 (a) provide a blurry TF explanation for the time-domain fault signal.
Since SWT adopts the time-domain harmonic-like signal model and squeezes the WT
coefficients along the frequency direction, which makes SWT unable to provide an
energy-concentrated TFR for the fault signal in Fig. 9 (¢). Compared with WT and
SWT in Fig. 9, it can be observed that TSST greatly improves the TF resolution
of fault signal in Fig. 10 (a), but TEWT provides a higher-resolution TFR in Fig.
10 (c¢) and obtains the most concentrated TFR among all the methods, thus TEWT
is more suitable to characterize the TF feature of fault signal. Next, we verify the
reconstruction performance of TEWT in Fig. 11. As shown in Fig. 11 (a), the signal
reconstructed by TEWT is highly consistent with the time-domain fault signal, and
the reconstruction error and RQF (22.7 dB) in Fig. 11 (b) also further verify the
accuracy of TEWT reconstruction. It can be concluded that the TEWT behaves the

best TF performance and perfect reconstruction performance.

5.3 Bat signal

A Dbat signal recorded is employed to validate the effectiveness of the TEWT
[39], which is sampled at 400 points and its sampling frequency is 140 kHz. The
waveform of the signal and its spectrum are displayed in Fig. 12 (a), (b), it can be
observed that it is far from enough to describe the features of the signal only from
its waveform and spectrum, so the TFA method is needed to further characterize the

signal. In order to characterize the bat signal precisely, we used four TFA methods
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Fig. 12: (a) The waveform of the bat signal, (b) The spectrum of the bat signal, (c) The original

signal and the reconstructed signal, (d) The reconstructed signal and the reconstructed error.
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Fig. 13: (a) WT result, (b) zoom of the WT result, (c) SWT result, (d) zoom of the SWT result.

to process the bat signal in Figs. 13, 14, including WT, SWT, TSST and TEWT.

The analysis results show that the TEWT has the best performance to generate the

most energy-concentrated TFR among above TFA methods. Fig. 12 (c), (d) shows

the reconstructed results by TEWT, it can be seen that TEWT can reconstruct

signals extremely well and obtain a high RQF (20.7 dB), thus TEWT has the good

reconstruction ability. Therefore, the TEWT is suitable for characterizing the bat

signal.
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Fig. 14: (a) TSST result, (b) zoom of the TSST result, (c) TEWT result, (d) zoom of the TEWT

result.

6 Conclusion

The two contributions of this paper are the proposal of TEWT and the theoretical
analysis of TEWT for frequency-domain signals. In this regard, for the impulsive sig-
nal and its frequency-domain harmonic signal, we propose the TEWT that achieves
highly-concentrated TFRs while allowing signal reconstruction, only by retaining the
closely-related TF energy with discarding weakly-related TF information. On the oth-
er hand, we provide a rigorous theoretical analysis of TEWT under a mathematical
framework for the frequency-domain signal model. Specifically, we define a function
class as a set of all superposition of well-separated frequency-domain harmonic-like
functions, where each function can be locally regarded as a sum of a finite number
of harmonic signals in the frequency domain, and establish error bounds for WT ap-
proximate expression, GD estimation and component recovery. Finally, we verify the
superiority of the TEWT in terms of the concentration, robustness, and invertibility
with two quantitative indicators, by using numerical experiments of frequency-domain
signals, time-domain signals and real signals. It can be concluded that theoretical
analysis and numerical experiments demonstrate that TEWT is a powerful tool for
analyzing time-domain impulsive-like signals or frequency-domain harmonic-like sig-

nals.
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