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Abstract. Ultrasonic signal detection is essential for theaslonic-based applications such as
ultrasonic flow measurements and nondestructiviingesThe paper proposes three extended
time-frequency domain average (ETFDA) techniquekjclkv are based on the smoothed
pseudo-Wigner-Ville distribution, continuous wavelensform and Hilbert-Huang transform.
These techniques combine beneficial time-frequetmgyalization characteristics of the
time-frequency analysis and abilities of the tinemain averaging (TDA) to suppress noise
interference. They are thus well adapted for deteaif the ultrasonic signals even when they
are strongly smeared by the noise or distortethénnbedium. A number of tests conducted on
simulated and actual ultrasonic signals have detratesl that ETFDA provides a solid
performance.

Keywords: Time-frequency domain average, ultrasonic, peakedfien, smoothed
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I. INTRODUCTION

Recently, applications of ultrasound have growmigicantly in the fields of measurement
such as ultrasonic flowmeters, distance or thickn@easurement, ultrasonic nondestructive
evaluation and ultrasound medical diagnostics, kwlgcdue to their robust, intrinsically safe
and satisfying accuracy. Most of these applicatiaresbased on the estimation of the time of
arrival (TOA) and/or time of fight (TOF) of the tdisonic wave. However, ultrasonic signals
generated in the above applications often suffamfsome problems such as pollution of noise
and other interfering signals, amplitude attenuatiod shape distortion of ultrasonic echo.

Various signal processing techniques have beenlafmae in the corresponding literatures.
Correlation method [1], matching pursuit [2], Kalm@iter [3], model-based estimation method
[4], in-phase quadrature (IQ) demodulation [5], ttawmous wavelet transform (CWT) [6] and
empirical mode decomposition (EMD) [7] etc. haveetbeused in the ultrasonic-based
applications. The major shortcoming of the crossetation method is the unavailability of the
reference signal [8]. Noise is another factor whiohy severely affect the aforementioned
techniques. Most of the ultrasonic signals gendrditg various acoustic transducers in the
ultrasonic-based applications are nonstationampeHrequency analysis is well adapted to deal
with those nonstationary signals. In this papereghmovel synchronous averaging of
time-frequency distribution have been proposed,ctvhéxtend the averaging of short-time
Fourier transform method presented in [9, 10]. Ehegended time-frequency domain average
(ETFDA) methods which utilize the attractive tinteduency localization characteristics of
smoothed pseudo-Wigner-Ville distribution, contingowavelet transform and Hilbert-Huang
transform is well adapted to detect the ultrasqeeks. The ETFDA is insensitive to noise
contained in the signals and can also effectivéigieate the signal disturbance. A number of
tests conducted on simulated and actual signals, havfact, demonstrated that the method
provides satisfactory performance.
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The rest of this paper is organized as follows eEhrme-frequency analysis methods and the
ETFDA are introduced in section Il. In section Blmulated and actual signals have been used
to demonstrate the validation of the proposed ETR&Rniques. Some concluding remarks are
summarized in section IV.

[I. THE EXTENDED TIME-FREQUENCY DOMAIN AVERAGE

Time-frequency analysis (TFA), which analyses signa terms of joint time and
frequency coordinates, has proven useful in a wateety of fields. The main goal of the TFA
of a signal is to determine the energy concentnafitC) along the frequency axis at each time
instance [11]. EC provides time-frequency local@afor signals being analyzed.

Smoothed pseudo-Wigner-Ville distribution, contineo wavelet transform and
Hilbert-Huang transform which represent three catieg of TFA with different energy
concentration, are adopted in this work.

A. Smoothed pseudo-Wigner-Ville distribution

As it is well known, Wigner distribution is bilineaand time-frequency shift covariant
method which can be observed from Eq. (1) [12]:

sty - st-t,)e
d d (1)
Bt f) > B (t-t,,f—f)

Wigner distribution can be interpreted as a shiaretFourier transform with the window
matched to the signal [11]

W, (t, f)éj{ngs*(t—%je‘“””dr @)

Although Wigner distribution has many desirable gandies such as high time-frequency
resolution, it also has the major limitation for ltromponent signals in terms of copious
interference terms. Smoothed pseudo-Wigner-Villgritiution (SPWV) tackles the limitations
of Wigner distribution at the expense of reducesbhation. It can be is expressed as follows:

Wany (6 F)2 [g(u-1) | h(r){u+%)s*(u—%)ejzmdzdu 3)

wheren is the length of the signal, and the symb%l denotes “by definition”. The time
windowing h acts as a smoothing in the frequency domain, while direction smoothing is
implemented by convolving a low-pass functign The independence of the two window
functions enables them to be applied individuadlyjn combination, so that the desired degree
of interference suppression can be achieved. hwhirk, a Kaiser window of length 31 was
employed to weight the received signals in time &rduency domain. The actual ultrasonic
signal illustrated in Fig. 1(a) exhibits some sgasiutter components due to the installation
effect and wall roughness, the pressure flaps énpiipes and acoustic noise produced by the
regulator etc. The result using SPWV for a reaéingad signal is illustrated in Fig. 1(b). There
we can find not only the visible EC in the SPWV tbe signal localized at the 500 kHz
frequency but also the false EC.

B. Continuous wavelet transform

Continuous wavelet transform (CWT) is the secondgary of time-frequency analysis. It has
the advantage of being a linear expansion of tin@asionto a set of analyzing functions [12]:
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Those analyzing functions used in the CWT are alyanfi zero-mean functions obtained by
translating and dilating a mother wavelet functiGRWT is the simplest time-scale analysis and
can be defined as:

Wt (a,t)éﬁﬁo S(T)(//*(t_TT)dT (5)

where * denotes the complex conjugate apdis the mother wavelet. The coefficients
V\é'xv\r}r(a,t) provide a measure of the similitude between thatefil/translated parent wavelet

and the signal at timeand scale.
Many mother wavelet or basis functions can be us¢kde CWT. The 1-D Gabor wavelets
is used in this research, which are constructeth wibdulating the Gaussian window to a
certain frequency
t2
1 _20}2 ei2/rf0t

W(t)zﬁe

Here, g, controls the width of the region over which mostitud energy is concentratedf , is
the center frequency of the filter. In this work,a@@sian function with o, = O.%S
andfO = 0.5 is employed. Fig. 1(c) provides the result for al signal by scalogram and the
peak is localized at scale 50 (about 500 kHz fraque Meanwhile, the false ECs are also
detected by the CWT. These false ECs may influéme@stimated transit time.

(6)
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Fig. 1. A real ultrasonic signal and its time — frequenepresentations: (a) Time domain waveform; (b)
SPWVS; (c) Scalogram; (d) HHS
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C. Hilbert-Huang transform

The Hilbert-Huang transform (HHT), proposed by Hgaet al, is based on two signal
processing methods: empirical mode decompositiciEand the Hilbert spectral analysis
[13]:

EMD

s(t) - Xc(t)+R()
d Hsa @)

O,tf) - O/afi®)

Firstly, EMD decomposes the signal into severainsic mode functions (IMFs). Having
obtained the intrinsic mode function (IMF) compotsmne will have no difficulty in applying
the Hilbert transform to each of these IMFs compisi@ccording to the Eq. (8):

1
dr (8)

H(s) = [ s()=

Then the original signal can be expressed as Higeaegt in the following form:
n i2z [ f ()t

S(t) = m(zaj e’ j ©
j=1

wheregj(t) andfi(t) are amplitude and frequency of tjib IMF, and R(-) denotes the real part.
Both amplitude and frequency of each componentfaretions of time. This phase is called
Hilbert spectral analysis. The energy-time-freqyerepresentation of the signal depicted as a
color level image is called Hilbert-Huang spectr(iiiS) [13], based on the 2D arraWH”,f,? ,
which combines amplitudg(t) and instantaneous frequerfi{y) together by:

Wi (f D 2(F,®.2,1)

Thus HHT provides a flexible representation of anaipic signal by revealing its
time-dependent amplitude and characteristic freque&mponents at various time instances.
HHT has been successfully applied to identify théval time of overlapping ultrasonic echoes
in time-of-flight diffraction flaw detection [7].i§. 1(d) presents the Hilbert Huang spectrum of
the same signal in Fig. 1(a). It can be found fithe Fig. 1(b), (c) and (d) both the true and
false ECs have the same frequency (500 kHz) bigrdiit duration time.

(10)

“n,j=L-n

D. The extended time-frequency domain aver age

Time domain average (TDA) is a strong signal preices technique based on the
synchronization time-domain signal average:

13 s
s(),i=1--,N sz() TDA(t)

LTFA . (11)

_ SYTn
T.(tf)i=1- N "5 ETFDAEf)

It is well known that TDA technique can decrease itifluence of noise and improve the
signal-to-noise ratio. As mentioned previously, SPVgcalogram and HHS could produce
misleading ECs as they successfully detect the BGe We combine the TFA with TDA
techniques, and propose the extended time-frequéniciain average (ETFDA) technique. The
three aforementioned time-frequency transformsapmdied to calculate the 2D time-frequency
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information matriceWT”’iX”. Meanwhile, the average of time-frequency informatimatrix
WTnxn can be used to suppress the effects caused byftissgeaks or the inherent noise. This
process is mathematically defined as:

N
W = YW a2
N i=1
whereN is the size of signal set/\; is the results for thi¢h calculated signal ariidenotes
the adopted transform in Eq. (3), (5) or (10). Esample, Ws':,{,’v represents the ETFDA
using smoothed pseudo-Wigner-Ville distribution. ffaying the ETFDA, the noncoherent
component and nonsynchronous components in theessige records of the waveform are
averaged out. Furthermore, if the time-frequencforination matrix WT”iXn is computed
respectively by using SPWV, scalogram and HHS,diweesponding ETFDA methodologies
are called AVSPWV, AVSG and AVHHS in this paperh8me of the proposed three ETFDA
techniques is shown in Fig. 2.
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Fig. 2. Scheme of the extended TFDA

I11. METHOD VALIDATION

A. Numerical ssmulation

To test the performance of such proposed ETFDArigetes, a Gaussian echo model in [8]
ultrasonic signal is used. This model can be writts:

(%) = fe ) cos@Af (t - ¢) + 6) (13)

where $=[a ¢ f, 6 p] and parametersa - bandwidth factor, ¢ - arrival

time, fc- center frequency,f - phase, f - amplitude A simulated ultrasonic signal
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containing three Gaussian echo model can be depste
3

y(t) = > s(g:t) +&(t) 16)
i=1

where:
9, =[050 251 0796 0 1],
9,=[050 751 0.796 0 40,

9,=[050 1376 0796 0 020]

and £(t) is the Gaussian white noise. The simulated noise-fittrasonic signal is depicted in
Fig. 3. There three ultrasonic waves located atr2§1751 ms and 1376 ms can be identified.
Gauss white noise is added to the original simdlatgnals and signal-to-noise is 20 dB in this
paper. Fig. 4(al) presents the time domain reptaien of all the simulated 20 noisy
ultrasonic signals. We can observe that the seaoddthird Gaussian waves are almost buried
in the background noise. One of the simulated neigpals is illustrated in Fig. 4(a2). Figs.
4(bl) & (b2), Figs. 4(cl) & (c2), Figs. 4(d1) & (dprovide the results of ETFDA as well as
their slices on the peaks by using the AVSPWYV, AVa@ AVHHS, respectively. It can be
observed from the three slice figures that the psed ETFDA techniques have all detected the
ultrasonic waveform. Moreover, the time correspogdio those peaks in Fig. 4(b2) and Fig.
4(c2) are 251, 751 ms, and the time in Fig. 4(62)377 ms. Thus, these ETFDA techniques
are powerful and can effectively detect the ultrésasignals even under heavy noise.

In-phase quadrature (IQ) demodulation, also knowm@adrature demodulation etc, is a
conventional technique used in detecting ultraseraee [5]. In this paper, low-pass filter with
a very narrow bandwidth and high stopband atteanas chose in the 1Q demodulation, which
may be produced by Hanning windowed sinc filter.cas be seen from Fig. 5(a) and (b) (one
of the demodulated signal), IQ demodulation can edsnove the Gauss white noise and detect
the peaks of the ultrasonic wave.
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Fig. 3. Simulated noise — free ultrasonic signal

B. Experimental results

Many ultrasonic-based applications such as ultiasitow measurements are based on the
estimation of the time of arrival (TOA) and/or timé&fight (TOF) of the ultrasonic pulse-echo.
Detecting ultrasonic peaks is usually the key iis time differential ultrasonic flowmeters.
Ultrasonic flowmeter is one of the fastest growiteghnologies within the general field of
instruments for process monitoring, control, anchsagement [14].

It should be noted that the primary interest of thaper lies in detecting the ultrasonic
wave in general ultrasonic-based applications ratih@n focusing on a particular application
area such as measuring the flow velocity. We uge @kperiment to verify and validate the
proposed ETFDA techniques. However, if further aggtions of the ETFDA are conducted,
flow rate may be calculated even for the distont#tdasonic signals, which may still be a
challenge for the clamp-on ultrasonic flowmetemgsthe existing methodologies so far. The
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measurement configuration used in this work is ctepliin Fig. 6. One pair of transducers was
face-to-face clamped to the pipeline (@6 inch). 8@ kHz working frequency of ultrasonic

transducers proves to be the most suitable to awige effects [15]. This frequency is above
the noise level detected in gas pipelines. Moreotle signal loss due to attenuation of
ultrasound in gas is still negligible [15]. Gasvilwelocity was varied by adjusting drive motor
frequency (MF) and increased with the MF. The fhation of temperature of medium may
affect the measured signals. Thus, there is ampalystem available in the rig to maintain an
approximately constant temperature (about 70F80
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Fig. 4. (al1) 3D show of 20 simulated noisy ultrasonic signé2) one temporal signal of (al); (b1)
AVSPWYV; (b2) peaks detection of (bl); (c1) AVSG2)meaks detection of (cl); (d1) AVHHS; (d2)
peaks detection of (d1)
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Fig. 6. Experimental set — up for ultrasonic gas flowmeter

When a transmitting sensor is excited by a singlsetrigger, the transmitted signal begins
to oscillate at the working frequency (500 kHz) areddamplitude increases rapidly first and
then begins to decrease gradually. The receivathkafter conversion and low-pass filtering
with 2.5 MHz cut-off frequency was recorded by a PiBwever, ultrasonic flow measurements
for gas are, compared to those for liquid, charéetd by large signal fluctuations, which may
render in poor tracking. The received signals erpee low signal-to-noise ratio and
degradation of their shapes, due to the low pres€upsig), high gas flow velocities (121.6 ft/s)
etc. Nevertheless, as will be revealed in this sctien, ultrasonic embedded in those distorted
signals can still be identified by using the progb&TFDA.

Sampling frequency and length is set to 20 MHz 2048 in this experiment, respectively.
For each gas pressure P=0, 5, 15 and 50 psig areb®1Fz, 80 data sets of downstream
(A—B) and upstream (B-A) shown in Fig. 6 are recorded and prepared fer filowing
analysis. Fig. 7 presents 3D plot of all the mead80 signals in each case. It can be observed
that the received signals are poor with the deerefshe gas pressure. And, in particular, the
received upstream (BA) ultrasonic signals provided in Fig. 7(a2) armast smeared in the
disturbed clutters as P=0 psig. Fig. 8 indicates résults of the acquired ultrasonic signals
using the 1Q demodulation. It demonstrates thatteis and other disturbed components still
exist in the demodulated signals in the case of das pressure and high flow rate. Because
clutters in the ultrasonic wave have the same nateldlfrequency with the objects of interest,
IQ demodulation can not remove the effects of thtar.

The results of TDA of all the acquired signals iltestrated in Fig. 9. The IQ demodulation
results of TDA signals are illustrated in Fig. Bimilarly, we can observe that both TDA and

151

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2011.VOLUME 13,ISSUE2. ISSN1392-8716



619.APPLICATION OF EXTENDED TIMEFREQUENCY DOMAIN AVERAGE IN ULTRASONIC DETECTING
YANXUE WANG, ZHENGJIAHE, JAWEI XIANG

IQ demodulation techniques cannot effectively detiee ultrasonic when the gas pressure is 0
psig (shown in Figs. 9(a) and 10(a)). The reasdhas signal degradation caused by high flow
velocity (121.6 ft/s) and low pressure (0 psig) camt be revealed by TDA, then 1Q
demodulation cannot effectively identify the ulbag wave. In fact, it is still a challenge to
detect ultrasonic for clamp-on gas flowmeter asguee reduces to 0 psig. Thus we mainly
focus on the case of the low pressure (P=0 psidhgrgig) in the following analysis.
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Fig. 7. 3D show of 80 real received ultrasonic signals With = 60 Hz and P = 0, 5, 15 and 50 psig (from
the top down): (al) — (d1) Downstream-(/B); (a2) — (d2) Upstream (BA)

Using the ETFDA techniques proposed in sectioth, contour plots of AVSPWV, AVSG
and AVHHS for the received upstream and downstremmals in the case of MF=60 Hz and
P=0 psig are depicted individually in Figs. 11(@&), and (e). It can be observed that two ECs
are visible over 500 kHz frequency (or scale 5Fim 11(b)) region of interest and false ECs
are greatly restrained by the proposed technidtigs.11(b), (d) and (f) illustrate the profiles of
the Figs. 11(a), (c) and (e) on the peaks corradipgnto 500 kHz frequency, respectively.
Based on the ETFDA, peaks of the upstream and dosams signals located at 611 and 868 in
Fig. 11(b), 611 and 869 in Fig. 11(c), 609 and 86Fig. 11(d). Thus the proposed ETFDA
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techniques successfully detect the ultrasonic &geaen at the existence of strong signal
disturbance.

For gas pressure P=5 psig and MF=60 Hz the resuépplication of ETFDA are illustrated
in Figs. 12(a), (c) and (e). Again, we can obsd¢hemajor ECs in the time-frequency contour
plots are also concentrated in the region of 50@ kbt scale 50 in Fig. 12(b)) frequency. In
addition, peaks of the upstream and downstream faaveare located at 587 and 861 in Fig.
12(b), 588 and 863 in Fig. 12(c), 586 and 860 tm ER(d). Meanwhile, we can clearly observe
that the results within the first or the secondadagets are almost identical, but the time
difference between two peaks for the first data(BeD psig) is hot same with the second one
(P=5 psig). This error may be caused by the fluzinaof the temperature. In these experiments,
temperature is only controlled in the range of D9-B. Moreover, it is difficult to keep the
temperature absolutely stable, because high spegdpnoduce more heat and the longer test
may also make the temperature different.

3 1 L] - g Sk
= gl e 5 o (P Tl (M 5 Tirss dpoie

Fig. 8. Results of the ultrasonic signals in Fig. 6 usi@gdemodulation (from the top down): (al) — (d1)
Downstream (A— B); (a2) — (d2) Upstream (B> A)

153

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2011.VOLUME 13,ISSUE2. ISSN1392-8716



619.APPLICATION OF EXTENDED TIMEFREQUENCY DOMAIN AVERAGE IN ULTRASONIC DETECTING
YANXUE WANG, ZHENGJIAHE, JAWEI XIANG

{in psig i) Sprig
o8
]
L & "E
g £
E - | Spsig d Sihpsig .
< {el Spsiy {d) g 02! te) 1apsig {d) Sthpsig
o o " o . :
01 | l'.\
s s ,J [
ok ‘
00 1000 1500 2000 B0 000 1300 200 500 1000 1500 2000 500 1000 1500 B000
Time (panng) T (point)

Fig. 9. TDA for the real received ultrasonic signals  Fig. 10. Results of the TDA signals in Fig. 7
in Fig. 6: blue solid, downstream (A B); using 1Q demodulation, blue solid:
red solid, upstream (B> A) downstream (A-> B); red solid:

upstream (B~ A)
102 1w =
! AR = | Wvwnshicam
H w':l e ‘h} f — Upstreani
& 1000 .
| | |
a4 Er (Rl
e .! | i |
2 o %MJ‘;-FJ “|| 1_4-..@ Al ity
"8 L oo o 2000 500 wm "o 200
T (it Tires (s
Eﬁﬂ| ; AVED 1 d — [hownsremm
- (€ s (d) — Upsbrenm
| i
Imui |
04 K
| i
04 E | ot i &Lk
] LIS el P T L
H Wy | . “1‘ a1,
| h“‘rhﬁﬁ"r Ll ﬁr( Wil e
o =00 WG 1500 0D 50 0O W0 2000
Time (poinf] Time (poinf)
0 v it
LK
{ AVIHIHS | — Ehwensticim
¥ (e Das ”.:I — Llpsircam
; i
g & . i Gl 1 ; u-i i
i i I I!I.-h- '.
i 1 e ot "1
2 II [l
n I\(m«_‘ hl\c-;sstm
F B Yoo 1800 00 10 Flret]
Tiers sty 'rn-m-m:u

Fig. 11. Contour show of signals in Figs. 6 (al) & (a2) ksing Extended TFDA and their time —
frequency profiles on the peaks: (a) AVSPWV, (lfipe of (a); (c) AVSG, (d) profile of (c); (e) AVHS,
(f) profile of (e)

154

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2011.VOLUME 13,1SSUE2. ISSN1392-8716



619.APPLICATION OF EXTENDED TIMEFREQUENCY DOMAIN AVERAGE IN ULTRASONIC DETECTING
YANXUE WANG, ZHENGJIAHE, JAWEI XIANG

[V.CONCLUSION AND DISCUSSION

Since ultrasound has gained extensive applicationthe fields of measurements, an
immediate problem is to solve ultrasonic wave deiacwhen the received signals are
contaminated with noise or other interfering signalBased on the smoothed
pseudo-Wigner-Ville distribution, continuous wauelensform and Hilbert-Huang transform,
three ETFDA methods have been presented for thesohic detection. The ETFDA techniques
utilize effective time-frequency localization cheteristics of the three time-frequency
transforms and ability of the TDA to suppress naigerference. The performance of these
ETFDA have been assessed through a number of lmtased ultrasonic tests and actual
ultrasonic signals acquired from a clamp-on ultrés@as flowmeter with pressure as low as 0
psig. The ETFDA is verified to be insensitive tottér contained in the signals, and it can also
effectively and exactly eliminate strong signaldibance.
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Fig. 12. Contour show of signals in Figs. 6 (b1) & (b2) ksing Extended TFDA and time — frequency
profiles on the peaks: (a) AVSPWV, (b) profile aj;((c) AVSG, (d) profile of (c); (e) AVHHS, (f) pfile
of (e)

ETFDA can be also utilized to other ultrasonic &milons such as ultrasonic medical
diagnostics. Ultrasound provides a less harmful d¢mrtainly effective method foim vivo
assessment. Its usefulness as a tool to aid mediaghosis can be improved by removing the
various acoustic noises and artifacts that commanise from reverberation and multi-path
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reflection as it travels across or around highlertive objects or interfaces. Therefore, these
ETFDA techniques may have a significant potentialuitrasonic-based applications.
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