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Abstract - It is well known that classical time delay 
estimation gives an inexact estimation of the true delay 
between two signals delayed by non-integral multiple 
of the sample period. For more accurate estimation, 
new methods are proposed to estimate small time delay 
with regard to sample period of ultrasonic signals. In 
this paper, we focus on two methods based on wavelet 
transform for time delay estimation between 
ultrasound emitted pulse and received signal. The first 
technique consists in computing at a fixed frequency 
(which is the emitting frequency of the ultrasonic 
signal) the difference of maximum time argument 
between wavelet coefficients of the two signals (the 
reference and the delayed signal). The second 
technique, based on a crosswavelet representation, 
directly provides the time delay between the two 
signals. The performance of these methods in terms of 
bias and variance are compared to classical correlation 
using polynomial interpolation. Numerical results show 
the superior performance of the crosswavelet approach 
for time delay estimation. 

I. INTRODUCTION 
Accurate determination of absolute velocities has been 
often hindered by unsatisfactory time measurements, 
due to small delays in the order of fraction ofthe 
sample interval. Consequently, non-integral multiple 
of sample period time delay estimation is an important 
issue in ultrasound flow velocimetry. The usual 
methods for this purpose are derived from classical 
technique widely described in signal processing 
literature [l], [2]. These techniques consist of 
identifying the maximum value of the cross correlation 
between the reference and the delayed signal, and then 
applying an interpolation function to extract delay. 
The effects of using sampled signals and of 
interpolating to perform analog processing of the time 
delay parameter are studied in [3]. In this paper, we 
provide an alternative to classical correlation methods 
by the use of wavelet transformation. 
Two methods are then described: 
The first one consists in computing the wavelet 
coefficients of each signal with a fixed 
compressioddilatation factor (this factor corresponds 
to the central frequency of the emitting signal). The 
time delay is obtained from the peak coordinate of 
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these two wavelet coefficients. The second method is 
based on crosswavelet, which consists in combining 
the two wavelet transforms of emitted and received 
signal [4]. The peak of this wavelet transform directly 
provides the time delay. These methods have been 
evaluated on simulated ultrasonic signals and their 
performance, in terms of bias and variance, are 
compared to the conventional cross correlation 
method. This work is restricted to ultrasonic signals in 
high SNR situation. The paper is organized as 
follows. In Section 11, the measurement principle of 
flow velocity estimation is presented. In Section 111, 
we introduce two processing methods based on 
wavelets. In Section IV, the performance of the 
estimators is characterized using numerical results. 
Finally, we draw our conclusions in Section V. 

E EXPENMENTAL, CONDlTIONS 
One of the main purposes of ultrasound flow 
velocimetry is the realization of liquid or gaz flow 
meter. Two principles are used for this aim. The first 
one is the Doppler technique: flowing fluid is 
insonified with an ultrasound emitted at frequency fo. 
ms fluid bakscatters the ultrasound at 
frequency fo + fd , where fd is proportional to the fluid 
velocity. Therefore, this technique depends on the 
choice of the emitting signal frequency and assumes 
that the output signal is a narrowband model [5] .  
Although the narrowband model is generally valid for 
radar applications since the celerity c is quite large, it 
is not always valid in acoustic environments. The 
second techmque, which will be considered here. is 
based on the measurement of the time delay between 
two ultrasound signals which have crossed a flowing 
fluid, after their emission (see Fig. 1). 

Fig.  1 .  Flow velocity estimation principle 
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Two piezoelectric transducers A and B are placed 
with an angle 8 with respect to the flowing direction, 
across a pipe containing a flowing fluid. After having 
been simultaneously excited, the ultrasound signals 
received by the two transducers are delayed by a time, 
which is proportional to the velocity v of the fluid. 
If TAB is the time flight from A to B (Fig.1) and ZBA 

from B to A, it can be shown that 

Where L is the distance between the two transducers 
and c the ultrasound celerity in the fluid. The velocity 
is then given by 

One of the advantages of this technique isthatthe 
narrowband assumption is no more necessary. 
Here, in order to take into account slow flows, we 
have to measure non multiple of sampling period time 
delay. The main problem encountered by the classical 
techniques such as 1-D correlation processing is the 
large errors yielded in these conditions [6]. In the 
following section, we will emphasis on two new 
techniques for subsample time delay measurement in 
the context of the velocimetry. 

111. PROCESSING METHODS 
The following model of signals received by two 
sensors represents the time delay estimation (T.D.E) 
problem: 

Where nl (t) and n2 (t) are two measurements noises 
uncorrelated with each other and with the ultrasonic 
signal s(t). The problem is to estimate 'to using a finite 
set of samples of x(t) and y(0. 

A.  
scale 

T.D.E using wavelet representation with Jixed 

The wavelet transform of a signal x(t), defined as the 
correlation between the signal and a set of basic 
wavelets h ,  40, is expressed as 

Where h(t), referred to as the mother wavelet, must 
satisfy the admissibility conditions and * denotes the 
complex conjugate. The wavelet transformation is 
applied to both emitted and received signal. When the 
signal is detected by one of the matched filter hs. t(0, 
there is a correlation peak, whose coordinates indicate 
the dilation factor s and the position zof the signal. 
Let x(t) and y(t) be the signal received bythetwo 
transducers, and C,(z) and C,(d their wavelet 
transforms at a fixed scale so : 

Where SO = 5 / 2 &  and is the central frequency of 
x(t). The time delay TO between x(t) andy(0 is given 
by 

ro = Arg max[C, (z) - Cy (z)] (6) 

The mother wavelets that can represent the filtered 
response of the transducer are gaussian signal 
modulated as Morlet wavelet or Mexican hat because 
they have a shape similar to the ultrasonic signal. 
The chosen mother wavelet for this method is the 
Morlet wavelet which real part is plotted in Fig. 2. 

(7) 

With this method the accurate time delay can be given 
without interpolation. The resolution is then defined 
by the time variable r. 

1 
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Fig.2. Morlet mother wavelet. 

B. Crosswavelet transformation 

0 

As defined above, the direct wavelet transform has a 
high qualitative interest but it needs to be extended to 
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make it robust for accurate time and/or frequency 
measurements. 
One of the main limitations of the common velocity 
estimation methods is that they have good behavior 
mainly with narrowband signals. 
The narrowband assumption for a ultrasound signal 
in a flowing fluid is expressed a s  2v/c<<l/TB, 
where T is the signal duration and B its bandwidth. 
This assumption of narrowband processing can be 
violated either if the velocity of the scatters is high or 
if the time-bandwidth product TB is large, When the 
narrowband assumption is no more valid, the 
conventional methods are highly biased [7]. In the 
wideband case, a time-delayed and scaled replica of 
the source signal approximates the received signal: 

Where 13Jso) is energy normalization. 
Assume that x(t) is the transmitted pulse andy(t) is 
the received signal and calculate the wavelet transform 
of y(t) with respect to x(t) 

The hghest correlation provides the scaling factor and 
the time delay between x and y 

When the emitted signal is unknown analytically (i.e 
only a digitized version is available), then creating 
replicas may be computationally intensive. 
To overcome these difficulties, the processing is 
performed in the wavelet transform domain and relies 
on the cross wavelet transform [8]. 

where C ,  is the wavelet transform of x(t). 

Sincethereplicas y ( - ' )  with respect to the mother 

wavelet yr(t) can be computed in advance, the wavelet 
transforms will be available quickly. 

IV. PERFORMANCE EVALUATION 
We examine two time delay values which are non- 
integral multiple of the sample period Ts ~,=0.66x T,  
and z2=1.32x T,  . The emitted ultrasonic pulse used in 

with center frequencyfo =2MHz and sampling 
frequency F,= l/Ts = 20MHz. The ultrasonic 
simulated pulse corrupted with adbtive noise is shown 
in Fig.3. The model of signals received by two 
sensors is defined in (3). 
As it is seen in Fig.2, the Morlet wavelet is a suitable 
candidate to be an analyzing wavelet. 

2 1 

0 20 40 60 80 100 120 
sample number 

0 

Fig.3. Emitted ultrasonic signal corrupted by noise 

In order to quanti@ the improvement of time delay 
estimation for the two methods, the estimated time 
delay between emitted and received signals are 
evaluated as a function of signal-to-noise ratio, 
therefore, the bias and standard deviation of the 
estimators are pedormed on 50 realizations. 

A. Illustrative examples 

We evaluate the estimators with two time delay values 
z1=0.66x T, and z2=1.32x T,.  These values are non- 
integral multiple of the sample period T, . 

0.5- , , , 

0.45 - 
0 4- 

I 

Fig.4a. Standard deviation vs. SNR for XDE; z = 2.71 xT,  

our simulation is modeled by 
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Fig.4b. Bias vs. Si%? for TDE; r = 2 .71xq  

Fig.5a. Standard deviation vs. SNR for TDE; z = 0.66xK 

Fig.5b. Bias vs. SNR for TDE; r = 0.66xT 

0: Crosswavelet approach 
-: Wavelet transform 
---: Cross-correlation with polynomial interpolation 

B. Discussion 

The figure (4) and ( 5 )  exhibit the performances of 

time delay estimators in terms of bias and standard 
deviation vs. signal-to-noise ratio. It is clear that the 
crosswavelet approach is hardly unbiased. This 
approach has a better behavior than with the classical 
correlation both from computational and accuracy 
Viewpoints, because it is well adapted in wideband 
ultrasonic signals. Moreover. wavelets can cover a 
continuous range of time delay values with fine 
resolution. 
Note that T.D.E based on wavelets at afixed scale 
presents a better performance than T.D.E with 
classical correlation using interpolation only for very 
high SNR, but they have an equivalent computational 
complexity. Although, replicas with respect to the 
mother wavelet can be computed in advance, thus 
computational complexity for T.D.E with 
crosswavelet tool is quite high. 

V. CONCLUSION 
Two techniques using wavelet transform for 
improving time delay estimation of ultrasonic echoes 
were presented and compared with correlation method 
using polynomial interpolation. 
Numerical results show that crosswavelet is hardly 
unbiasedand. Consequently, it is well adapted to 
estimate time delay and then flow velocity since the 
Morlet wavelet is suitable to analyze an ultrasonic 
pulse. These preliminary results are very encouraging 
step for studying more complex flows. 
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