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Abstract

Doppler ultrasound systems are widely used to study blood flow and diagnosis of
vascular diseases. An important characteristic of these systems is the ability to
detect the direction of the blood flow. Most Doppler ultrasound systems apply a
quadrature demodulation technique on the ultrasonic transducer output signal.
Therefore additional treatment is necessary to separate forward and reverse flow
signals. This work presents a digital method to convert signals in quadrature into
directional signals using a Fast Fourier Transform (FFT) approach. Validation of the
methodhasbeenachievedusingsimulated Dopplerultrasoundsignals.
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Resumen

Los sistemas Doppler ultrasonicos se utilizan ampliamente para el estudio del flujo sanguineo

y el diagnéstico de enfermedades vasculares. Este tipo de instrumentos cuenta con una carac-

teristica muy importante que es la de poder detectar y discriminar la direccién del flujo san-

guineo. Por lo general, estos equipos utilizan la técnica de demodulacion en cuadratura de la

seial proveniente de un transductor ultrasonico, por lo que es necesario un tratamiento adicio-

nal para separar completamente las seiiales de flujo directo e inverso. Se presenta un método

digital para la conversién de seiiales en cuadratura a direccionales, basado en la Transforma-

da Rdpida de Fourier (FFT), que es utilizada para la deteccion de la direccion del flujo

sanguineo en sistemas Doppler Ultrasonicos. El método ha sido validado utilizando sefiales

Doppler ultrasénicas sintetizadas.

Desciptores: andlisis de sefiales, deteccion de direccion, ultrasonido Doppler.

Introduction

At present Doppler ultrasound systems are widely used
to study blood flow and diagnosis of vascular diseases.
The wide use of these systems is mainly due to their
noninvasive characteristics and their relative low cost.
An important characteristic of the modern Doppler ins-
truments is that these are able to obtain the direction
of the blood flow in a accurate manner for which there
are several proposed techniques. These equipments
mainly use the demodulation in quadrature technique
of the signal from the ultrasonic transducer (Evans et
al., 2000). The result of this demodulation is two sig-
nals in quadrature which are filtered to eliminate the
high frequency components. These signals known as
signals in phase and in quadrature require an additional
processing to be able to extract the blood flow direction
(Evans er al., 2000) (Nizamettin, er al., 1994). Analogue
methods have been typically used to perform this

decodification basing its operation in the treatment of
the signal in the phase and frequency domains. Diverse
and novel algorithms have been proposed, showing the
advantages of the digital techniques over the analogue
techniques (Nizamettin and Evans, 1994, 1996),
(Marple, 1999).

This work presents a digital method to convert sig-
nals in quadrature into directional signals (forward and
reverse flows) using a FFT and IFFT transforms to im-
plement the Complex Discrete Fourier Transform
(CDFT) and the Inverse Complex Discrete Fourier
Transform (ICDFT) respectively as shown in figure 1.
The advantage of having on one side a signal in phase
and on the other side a signal in quadrature is that we
have the possibility to store the information of the for-
ward and reverse flows in an independent form in the
time domain, allowing to perform a detailed study of
the behavior of the blood circulation within the
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Figure 1. Block diagram of the algorithm in the time domain
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irradiated zone and to show in an independent way the
flow in each direction.

Description of the method

The blood flow Doppler signal x(t) has flow informa-
tion in the forward and reverse direction for two signals
in perfect quadrature and balanced in amplitude (Niza-
mettin and Evans, 1994).

x(t) =d () + jq(t) 1)

x(t) =(cos (oft+sin 1)+ /(sin 1+ cos o,1) 2)
therefore:

d(t) = cos o 1+sin o, (3)

g(t) =sinw 1+ cos o, . (4)

The Doppler discrete signal can be modelled as a
complex signal analytic (Vaitkus ez al., 1988) as follows:

X[n)=Dln]+Qn], ()

where D[] and Q[ ] are the real signals in phase and in
quadrature respectively in discrete time. Under condi-
tions of stable flow, forward and reverse flow compo-
nents can be implemented using the algorithm shown
in figure 1, calculating the CDFT can be expressed as:

Dik]=Re[k]+/Iml[k] ©6)
Dlk] 2;]]:2:(:1D[n] (cos@mkn/ N) —j sin@mkn/ N)) (7)
where
Re Dk NZD Jcos(2mkn/ N) (8)
Im D[] = NZD sin@nkn/ N). 9)

An analytic signal s(z) in continuous time corre-
sponding to a real signal of finite energy is defined in
the frequency domain (Papoulis, 1977) as:

25(w),for 0 <w<m
5(0), for =0
0, form<0

S(e) =

Calculating the ICFDT to obtain D[#]:
Din]=ReD[n]+jIm D[n] (11

N-1

ZReD

(cos2mkn/N)+jsin@nkn/N))

(12)

N-1

—ZImD

[(sin@2mkn/N)—j cos@nkn/N))

ImD[n ZImD[k 1(sin(2mkn/N) + j cos(2nkn/ N)).
(13)
In the time domain:
Imd(t) =—sino 1+ cos o1, (14)

from equations (4) y (14). Applying the proposed algo-
rithm we have:

F[n]=Q[n]-Im D[n] = sin O 1+ ] cos®,f+sin o1 =] cos @1

Fln]=2sin ot forward flow. (15)

Rn]=Q[n] +Im D[n] = sin o1+ ] COS @1 —sin o1+ cos @1

R(n]= 2 cos w,t reverse flow. (16)
Simulation

To evaluate the performance of the implemented algo-
rithm it was necessary to simulate a simple signal
which includes the forward and reverse flow
components:

D(n) = cos(cofn) + cos(o,n)
(17)
Q) :sin(mfn) —sin(m,n),

where o, and o, represent the forward and reverse flow
components respectlvely The reverse flow component
was kept as a constant varying only the forward flow
component (from 150 Hz to 8000 Hz) calculating the
level of separation using the following expression:

level _dB=20 loglo[ijs’WJ. (18)

forward
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Figure 2 shows the plot of the level of separation ob-
tained with the implemented algorithm within the
wideband under study. It is clearly seen that for fre-
quencies under 1 KHz the level of separation is within
-54 and —40 dB, this is due to the method which intro-
duces frequency components to the output signal due
to the discontinuities caused by the effects of the bor-
ders of the applied window before the FET calculation.
However as the level of these signals and their

harmonics are lower than —40 dB the effect on these are
negligible.

To display the corresponding spectrum of the signal
under study a 2-D spectogram representation like the
one shown in figure 3 was used, since this is the typical
method used in ultrasonic Doppler systems.

To obtain this representation the Short Time Fou-
rier Transform (STFT) was evaluated using 10 ms
Hanning windows over consecutive segments of the
signal. To minimize the effects of the data segmenta-
tion an overlap technique between windows was used
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Figure 2. Level of separation of simulated signal

Table 1. Characteristics of the simulated signal using the FIELD II program

Sample frequency (fs) 8 MHz
Transducer central frequency (fo) 2 MHz
Pulse Repetition Frequency (PRF) 5 kHz
Resolution 16 bits
Number of scatterers 4990

Vessel central position 60 mm
Vessel radius 4 mm
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Figure 3. Spectogram of the simulated signal using the FIELD II program
allowing to minimize discontinuities present in the Figure 4 shows signals in quadrature D(n) and Q(n) for
time domain. a cardiac cycle. These signals are obtained using demo-
Figure 3 shows the spectogram of the ultrasonic dulation in quadrature of the signal from the transdu-
Doppler signal in a cardiac cycle. cer (both signals are filtered to eliminate the high fre-
Results quency components). Figure 5 shows the signals al-
ready separated after applying the described method, it
is clearly observed the moment when the direction of
i
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Figure 4. Simulated signals in quadrature
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Forward Signa
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Figure 5. Forward and reverse flow signals obtained using the method

the flow changes in the time axe (0.25 to 0.4 seconds in
figure 3). It is worth mentioning that the level of sepa-
ration was approximately —56 dB within the band-
width under study, this level is higher than ones repor-
ted in previous works.

Conclusions

The method described in this work requires basically
the evaluation of a Fast Fourier Transform (FFT) and
an Inverse Fast Fourier Transform (IFFT), therefore,
this method can be implemented in a very efficient way
on Digital Signal Processor (DSP) based architectures. It
is worth mentioning that the level of separation of the
forward and reverse flow signals obtained was around
-56 dB within the operation bandwidth, this result is a
higher value than the values recently reported. It is also
worth mentioning that the method was implemented
on a bi-directional ultrasonic Doppler system based on
a personal PC which is capable of processing and displa-
ying in real time the forward and reverse flow signal
spectograms in two independent windows as well as
supplying this information in two separate audio
outputs.

22 RIT Vol.XI. Nim.1. 2010 17-23, ISSN1405-7743 FI-UNAM

Acknowledgements

The authors acknowledge the support of UNAM
(PAPIIT IN-109207 and IN-115007) in this work.

References

Evans D.H., McDicken W.N. Doppler Ultrasound, Physics,
Instrumentation and Signal Processing. Second Edition. John
Wiley & Sons Ltd. 2000.

Jensen J.A. User’s Guide for the Field II Program. Release 2.86,
August 17. 2001.

Jensen J.A. Field: A Program for Simulating Ultrasound
Systems. On: Med. Biol. Eng. Comp., 10th Nordic-Baltic
Conference on Biomedical Imaging, Vol. 4, Supplement 1,
Part 1, pp. 351-353. 1996.

Jensen J.A., Svendsen N.B. Calculation of Pressure Fields from
Arbritarily Shaped, Apodized and Excited Ultrasound
Transducers. IEEE Trans. Ultrason., Ferroelec.,, Freq. Contr.,
39:262-267. 1992.

Papoulis A. Signal Analysis. New York. McGraw-Hill. 1977.

Vaitkus P.J., Cobbold R.S.C. Comparative Study and Assess-
ment of Doppler Ultrasound Spectral Estimation. Part I
Estimation Method. Ultrasound in Medicine and Biology,
14(8):661-672. 1988.



A. Sotomayor-Ortega, M. Fuentes-Cruz, F. Garcia-Nocetti, E. Moreno-Herndndez, M. Barragin-Ocampo and P. Acevedo-Contla

About the authors

Alejandro Sotomayor-Ortega. He graduated in electronic engineering from the Instituto Superior Politécnico, Habana, Cuba
in 1992. In 1994 he started working at the Instituto de Cibernética Matemadtica y Fisica, Cuba, at the Ultrasonic Center
(CENUS-ICIMAF). In 1997 he obtained his master”s degree in engineering from Universidad de la Habana, Cuba. In
2001 he started working at the Instituto de Investigaciones en Matematicas Aplicadas y en Sistemas, UNAM. His
research fields are: transducer design, ultrasonic instrumentation and signal processing applied to medicine and NDE.

Martin Fuentes-Cruz. He graduated in mechanical and electrical engineering from Facultad de Ingenierfa, UNAM in 1984.
He has worked at the Instituto de Investigaciones en Matematicas Aplicadas y en Sistemas, UNAM sinced 1983. He has
participated in several projects at and outside UNAM, this projects have been sponsored by: Instituto de Ciencias del
Mar y Limnologia, Instituto de Biologia, Instituto de Geofisica, Universum Museum, Instituto Mexicano del Petréleo
and CENUS- ICIMAF. He has been invited to several institutions in different countries such as: Spain, Cuba and Brazil.
His research fields are: sismic instrumentation, meteorology, atmosferic monitoring and signal processing applied to
medicine and industry.

Fabidn Garcia-Nocetti. He graduated in mechanical and electrical engineering from Facultad de Ingenierfa, UNAM in 1984.
He obtained his master and Ph. D. degrees in computing systems from the University of Wales, Bangor, U.K. in 1988
and 1991, respectively. He was awarded with the Premio Nacional de Ingenierfa “Emilio Rosenblueth 1996", granted by
the Academia Nacional de Ingenierfa, and the award “Ciencia e Ingeneria de la Computacién” in 2000. At present he is
investigador Titular B at IIMAS. His research fields are: high performance computing, signal and image processing,
ultrasonic imaging, mobile computing and wireless networks.

Eduardo Moreno-Herndndez. He graduated in physics from Facultad de Ciencias de la Universidad de La Habana. Since 1980
he works as researcher at the Instituto de Cibernética Matemadtica y Fisica, at the Ultrasonics Center
(CENUS-ICIMAF), Cuba. In 1994 he obtained is Ph. D. in physics from Academia de Ciencias de Cuba. From 2000 to
2002, he worked as associated researcher at IMAS-UNAM. At present he is head of project at CENUS-ICIMAF. His
research fields are: signal and image processing and ultrasonic imaging.

Miguel Barragdn-Ocampo. He graduated in electronic electric engineering from Facultad de Ingenieria, UNAM in 2002. He
finished his bachelor dissertation at the Departamento de Ingenierfa de Sistemas Computacionales y Automatizacién
del IMAS-UNAM. His research field is: signal and image processing.

Pedro Acevedo-Contla. He graduated in mechanical and electrical engineering from Facultad de Ingenierfa, UNAM in 1984.
He obtained his master”s degree in electronic instrumentation in 1987 and his Ph. D. degree in ultrasonics in 1992, both
from the University of Wales, Bangor, U.K. At present he is investigador titular A at IIMAS and lecturer at Facultad de
Ingenieria, UNAM. He is a member of the Sistema Nacional de Investigadores-CONACYT. His research fields are:
signal and image processing and ultrasonic imaging.

RIT Vol.XI. Ntim.1. 2010 17-23, ISSN1405-7743 FI-UNAM 23





