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of considerable practical interest in industrial and biomedical 
Absfracf - Real time  flow  velocity measurement i s  a  problem 

applications.  Due to their good frequency resolution, parametric 
methods such as recursive least  squares or  their variants are 
commonly used in such cases. However, some typlcal problems 
o f  these methods. namely correct order selection and fitness of 
the parametric model. may alter the  accuracy of the frequency 
estlnlates. This paper provldes  comparlson between specific 
Instrumental  Variable ( IV)  identificatlon  which simultaneously 
glves  model parameters and orders, and different non 
parametric time-frequency estimators. Results of tests on 

discussed. 
modeled  Doppler signals with  known  flow  velocity  profile, are 

I, INTRODUCTION 

Many  tlow  velocity  estimation methods for  Doppler systems 
have  been widely  explored in literature [l-51. In a real-time 
two-dimensional (2-D)  Doppler system. the velocity estimation 
i s  performed  wlth  few (8 or 16) samples to compare with the 

not accurate- algorithms. In  the  case of precise measurements of 
image cadence. This has implied the development of fast- but 

flow velocity, i t  i s  necessary to find other methods. In pVdCfiCe, 
the precise determination of the Doppler frequency may be 
cumbersome because of the various physlcal parameters which 
introduce uncertainties in the velocity  estimation [I]. In a 
previous  work [X], we  show the good performances and the 
intercst of  rpeclflc factored form  of parametric methods for 
velocimetry 

these parametric methods and non parametric ultrasound 
The purpose u l  this paper IS to provlde comparlson between 

Doppler frequency estimation by  use o f  modeled signal with 
known  phyaical characteristics. Computer  simulations are used 
in order  to  perform statistical comparison of the different  time 

circumstances. 
varying frequency estimation methods under the  same 

2. DOPPLER  SIGNAL  GENERATION  AND 
FREQUENCY  MEASUREMENT 

The  experimental scheme of  Doppler  ugnal 
measurement which i s  associated to our simulation 
i s  giben in  Fig. I 

E 

. 
R 

Flg. I Experimental scheme of Doppler signal measurement 

Two sets of ultrasound transducers E ( Emission) and R 
(Reception) are placed across a  Plexiglas  pipe  containing  a  two- 
phase fluid. The received signal IS  demodulated and sampled. 
At each  sample time I , ,  the quadrature analytical  signal can be 
written as: 

? ' ( l i ) = K ( i , ) e x p l i ( O d ( ~ , J + ~ l ~ , ) I I  1 1 )  

O d l i ) = 2 i i ~ t L , , , U i F , T ~ f I  
C D  

depending on the characterlstics of the transducers, #l,) the 
Kit , )  i s  the random magnitude of the Doppler Ligna1 

random phase depending on the position o f  the panicles of the 
flowing fluid, and v(Ij  i s  the flow velocity to be measured 
through the Doppler  shift  pulsation odf), %rd4 i s  the angle 
between the ultrasound probe axis and the flow  direction, h =  
celerity. In  order to simulate the experimental conditions o f  the 
IDOkHz i s  the emission signal frequency, (. i s  the ultrasound 

flow velocity measurement,  we  use  the simulation procedure 
described i n  [ 2 ] .  Thus, for a  given  time  velocity  profile N Z ) ,  we 
can compute the simulated Doppler signal which i s  not a simple 
frequency modulation. 

3. BACKGROUND  AND  METHODS 

3.1. Parametric  methods : Factored  Instrumental 
Variable  (IV) 

Thn method i s  applied on a  model of the signal rather than the 
signal itself. In  the parametric methods, by using the Doppler 
signal, the ARX i or here AR) parameters and the associated 
power spectral density are first computed, and then Doppler 
frequency i s  estimated. In  this part. our attention wil l  be focused 
on the problem of parameters estimation.  The following 
developments are  based on the Birman's  block data factorization 
[61, [7 ]  applied  to the recursive least  squares estimation. Here, 
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due to the complex demodulation  of the ultrasound signal,  the 

complex IV method. Consider the general AR model with 
data are complex numbers. Let us first describe  the  specific 

complex coefficients: 

where 5 i s  a complex noise which can be colored and 11 is 
assumed to be the maximuln possible order o f  eq. ( 2 ) .  Eq. (2)  
can  he written 

, ( r l= l ,~ l r !e+< l r ,  13) 
with l,l,j=l -, (,-,,i ?(,-l!l ', 

R=(,i, , .<t,,  ,.... ,,,,l' and ' 1s the transpose operator. 
We recall here the principal steps o f  the I V  algorithm for 

Let  x ( r J  be the instrument. Thbs instrumnt accounts fbr the 

. t ! o = ~ - \ ( r - d - t t ~ ,  >ii-d-l~I' ; d is the instrument delay. 
and let also ;v!= l -d t - t i ! . . .  ,-.<t-Z).-.<~-l~l' 

Def ,ne~( ,~=[ i , ' i r ) , -~ l r ) ] '  , ~ ~ ~ ! = [ ; ~ ~ i . - . ~ ~ o ] ' a n d  

complex Doppler bignal parameter estimation [ X ] .  

possible colored noise in the signal. 

c , I r + , m ]  ,,.. , ,,,.,, ( 5 )  

C,,({] is referred  to as covariance matrix.  Using the iterative 

C~lr!=U,,l,l~,~f!V,"l~J where U,, is an upper complex triangular 
tnatrix with I on the dmgonal. D,, a real diagonal matrix and the 
symbol H denotes the hermltian transpose. At the end of the 
rtemtions, U,, takes  the following shapr at order n : 

UDV" decomposition. C(i)can he written as follows. 

D., i s  the d~agonal  matrix  written at order  n: 
Q, = d i , z ~ [ J ~ ' l - , ~ !  1-l l k - l !  J ; ' ( k ! I .  (7) 

The 8, are the  estimates o f  the  parameters 8 st the order i .  
Thus we have a recursion based on the order i= I ton. 

are similar to the Akaike  Information  Criterion and  can be wed 
The J ,  are achieved during the iterative decomposition, and 

to select  the model  order.  The recursion on the time 1 is obtained 
by writing 

l61 

,,-I 

P I /  J = 
Y (9) 

/I +zo erp(-21rjkfT) l 
of the innovation o f  the AR model. T ,  is  the sampling period. 

where y is a positrue constant proportional  to the covariancc 

andfthe reduced variable frequency : 
-0.5 < f < 0.5 

3.2 Nonparametric methods : Time.frequenry 
distributions 

hroadband pulse modulated at the center frequency of  the 
I n  many velocimetry applications, the ultrasonic slgnal IS a 

transducer Therefore the signal extent 1s usually finite in both 
time and frequency domains. Tim-frequency distributions are 
then a useful tool for such analys~s. Thesc distribution5 (whsh 
belong to the Cohen class) can be formulated  wirh  a unified 
approach as 

D ( r . ~ . Q ~ = l ( ~ ~ ~ ~ ~ . r ~ ~ ~ l + ~ + r i 2 J ? ~ ( I + i l ~ r 1 2 ~ ~  (10) 
. -  

exp(-,2@rJduiir 

i ts properties, f vndfrespectively denote the tinle and frequency 
where Q(u.T) is a function  which defines ths distrihution and 

components associated to the signal v. Further details on such 
distnbutions can be found  in [IO], [ I  I ] .  Note that the classic~(l 
Fourier power spectrum density is a sprclal case of  these 
distributions. Due  to the wellLknoun limits of the intuiti\>e 
Fourier analysis. more convenient time-frequency estimators 

estimation. 
ha\,e received considerable amount of attention in frequency 

The WiXner-Ville D;.~lrihurin,i.sfWVnj 

The WVD i s  another speclal cace of these distributmns. 
We conhider  here  one variant of these distributions (since the 

other variants do not give significantly different results) in the 
case of  Doppler signal frequency estimation. 

For an analytical signal y the continuous W V D  is  given by: 

W , ~ l . / l = ~ ~ l r + r l 2 ! ~ ~ l r - i i ? J c x p ! ~ j ? i i f l k i r  ( [ [ I  

W?(r,/) gives for each time, the  frequency components of  the 
signal. 

3.3 The Wavelet Transforms(WT1 

wavelets analysis. A method o f  analyzing nonstationary 
An extension of the previous case is obtained by  detining the 

ultmsonic signals is to consider them as a superposilan o f  a 
number of locallzed elementary signalr or  wavelets so that 
war,elet transformation can be wed  to analyze tmd identify the 

correlation between the signal , ( l )  and rl set of basis functions: 
various components o f  an ultrasonic signal. The WT is  the 

T m ( u , h J = j ? ( r J J - y r ' ( y ) d r  Ikd I 1 - 1 2  (12) 

which i\ linked  to the frequency domain variable. wf(t-blh,) 
where h is  the timc domain variable and U i <  the scaling factor 

is  the  set of daughter wavelets generated from the mother 
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wavelet q X r )  by dilatation or compression operations in time. 
fir}, the mother wavelet. i s  a function / ( I )  which satisfies the 

following  admlssibllity  conditions[l2]: I d . < + - .  where 

o i s  the angular frequency and H ( w j  the Fourier  transform of 
h ( l J .  Any  continuolls  function  which i s  band limited and  has a 
zero mean  value can thus he used as a mother wavelet. The 
continuous  Wavelet used In this work i s  the Morlet[l3] wavelet 
that i s  formed  by Gaussian modulation o f  a complex sinusoid. 

,,(I , = c  ' <,"" (13) 
The  main interest o f  this analysis i s  that the tlme and 

frequency resolutions are vanant : there is  for example a very 
good time  resolutmn at high frequency. Thus, wavelet transform 
allows details tu be exhibited  in time and in frequency domains. 

~ " I H i u l I  

, ,  . 

3.4 Wide  Band  Processing(WBPj 

As deflned above.  the dlrect wavelet transform has a high 
qualitative interest but i t  needs to he extcnded to make i t  robust 
for accurate time  andlor frequency measurements. 

estimation methods IS that they have good behavior mainly 
One of the main  Itmitations of the commori  velocity 

with narrow band signals. 
The  narrow band assumption [ 141 for a ultrasound signal in a 

flowing  fluid i s  expressed as 2v/c <<//TB, where T i s  the signal 
duration and B i ts  bandwidth. This assumption o f  narrow hand 
processmg can he violated  either i f  the velocity o f  the  scatterers 
is  high or if the time-bandwidth product TB i s  large. In this 
case, w d e  band processing must he applied.  A  wide band signal 
IS also a signal whose fractional  bandwidth ( B f o )  i s  greater than 
IO%. 

In the  case of narrow hand processing, the retlected 
ultrasound signal following a transmitted pulse can be 
approxlmated  by a time delayed and Doppler-shifted  replica of 
theemittedslgnal: ~ , o = . ~ I ~ - T J ~ ~ ~ ,  

a time-delayed and scaled replica o f  the  cource signal L141 : 
In the wide band case, the received signal is  approximated  by 

,<,)=-$l- I ' 1 - r ) ;  where . I /  14 LI ~\dnenergynormaliratlon. .:, 

The wide band cross correlation proves to be a  useful  tool 
when the wide hand hypothesis IS  laken into account. 

As\ume .x( [ )  a  transmitted pulse and ? ( I )  the received signal, 
the scaling Factor and the t m e  shift between x and y are given 
by: ( S  ,,,,,,, T ,,,,, J=Arptu.z[T~,( . ! ,  r)ll where T, ,  i s  the wavelet 
transform of y with respect to x ,  that is  : 

&j i 11 

7 : , 1 ~ . ~ 1  =m r ~ r , i ~ - - l d r .  For a narrow hand signal 

f , ,= ( .s , , , , , , - / ) j ; ,  where f i r  i s  the Doppler frequency linked to the 
velocity  by eq.( I j .  For a wide band signal v=c( l - s  ,,,', J/(/+s ,,,,,, 1. 
T,,,,,, i s  related to the tlme delay between the two rlgnals. 

4. COMPARISON AND DlSCUSSIONS 

Two klnds nf Limulations are performed. In the first one,  an 
analytical  Doppler signal is  generated with the model[2] 
described in section 2. Fig.2 shows the wavelet-transform of 
the Doppler  signal. In Fig.3. we  show  the theoretical velocity 

1 l:.' 

and estimated time  profile obtainzd with the previous methods. 
As it can  he  seen the higher the velocity, the greater the errors. 
A l l  the  methods presented lhere track  the time  profile  velocity 
wlth good efficiency. 

possible velocity of  the fluid  whxh i s  7.Smls. We asume that a 
In  the  second simulation, we just consider the maximuin 

pulse i s  transmittcd toward air point scatter fluid, at f o  = l 0 0  

a delay T =0.14 ps with the celcl-ily c=300mls. IV, W V D  and 
kHz with a fractional  bandwidth of 60% and hackscattered with 

WBP methods are used to  ewmate the frequency shift and then 
the velocity.  Fig. 4 shows  the blas and  standard deviation o f  the 
frequency estmates on SO realimtions. The shift frequency to 
be estimated i s  S kHz. Note that the classical Doppler  technque 
cannot directly  furnish the delay T. 

application, where  the ultrasound crlcrily i s  unknown, thls 
For the Wide Band method the delay i s  a lw  obtained.  In 

delay allows to estmate  its valuc. Table I s h o w  the delay and 
the velocity estimates on SO realizations. in the case of a high 
level lnoise in the  measurement  5ystem The bias and the 

SNR, large errors occur. Correct estimates are obtained around 
variance are comparable for scale and delay estinlates. For  low 

0 dB.  Fig. 4 shnks the behavior  of the I V .   W V D  and WBP 
methods on a larger set of SNR. 

i 

B 

Fig.?. Thcarrrical and estimated vrloc~ty profile. The IV method 
order i s  found 10 be 2 
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the second example 

AI it can be seen, the WBP  method IS better than the W V D  
and I V  ones in the terms of  bias (the variance of I V  and WBP 
methods are sim~lar). However, the WBP method is  less suitable 
for real time estimation. Unlike the WVD, the IV does not need 
a FFT procedure to be implemented and is  thus more accurate 
when only few data are processed. 

5. CONCLUSION 

cnrlronment, the ultrasound Doppler signal can he a particularly 
Due to the physlcal paramsterr o f  the  measurement 

tricky signal. Three cla\ses of methods are  discussed in this 

change of the model order during the  estimate  process, a 
paper : a specific I V  Inethod which accounts for the possible 

Wigner-Ville approach and a wavelet traniform. The wide band 
wavelet method seems to gjve better qualitative results. Deeper 
investigation and more exhaustwe comparison are now k i n g  
performed usmg expenmental data. 
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