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J�rgen A. Jensen, Technical University of Denmark 2AN ANALYSIS OF PULSED WAVE ULTRASOUND SYSTEMS FOR BLOODVELOCITY ESTIMATIONJ�rgen Arendt JensenElectronics Institute, Build. 349,Technical University of Denmark,2800 Lyngby, DenmarkABSTRACTPulsed wave ultrasound systems can be used for determining blood's velocity non-invasivelyin the body. A region of interest is selected, and the received signal is range gated to measuredata from the region. One complex sample value is acquired for each pulse emission aftercomplex demodulation of the received signal. The time evolution and distribution of velocitycan then be found by using samples from a number of pulse-echo lines. Making a short-timeFourier transform of the data reveals the velocity distribution in the range gate over time.Such systems are called Doppler ultrasound systems implying that they use the classicalDoppler e�ect. The velocity is typically on the order of 0.5 to 1 m/s giving a relative shiftof 2 to 4 kHz of the center frequency of the received spectrum for a 3 MHz transducer.Finding such a shift is impossible since the unknown frequency shift from attenuation intissue can be tens of kilohertz. Some recent reviews and articles state that the Doppler e�ectis used, and contradictory and wrong results and erroneous system diagrams arise from thisassumption. Research done in the last �fteen years has revealed that it is the movementof the scatterers between pulse emissions, that is used for �nding the velocity. This �ndinggives new insight into the role of the complex demodulation stage, and shows that this canbe replaced by a matched �lter and quadrature RF sampling. A derivation of this result ispresented in this paper, and it reveals how the bandwidth of the pulse and the number of pulseemissions a�ect the result. The �nal equation for the received signal is quite complicated,and a simpli�ed interpretation is therefore also given. This readily reveals the inuence fromtransducer bandwidth, attenuation, non-linear e�ects, classical Doppler e�ect, and scattering.1 INTRODUCTIONPulsed ultrasound systems for the investigation of blood velocity emerged in the early 1970s. Aseminal paper was that by Baker (1970), which detailed the sampling operation of the receivedbackscattered signal from the blood. A single sample was acquired for each pulse emitted andBaker stated that the system tracked the slow movement of the scatterers through the rangegate. Unfortunately Baker also calls this the Doppler e�ect, and the name has since then stuckto these systems, and has produced a number of mistakes in interpreting the function of andsignal processing in these systems. It is here important to di�erentiate between the interactionbetween the moving scatterers and the pulse, yielding the Doppler shift in frequency, and theinter-pulse movement of the scatterers. The latter is the e�ect detected in these systems asshown in Section 2. A model for the inter-pulse movement is derived in Section 3 and used inSection 4 for calculating the spectrum of the received signal. It is shown that sampling can beperformed at a frequency in the kHz range although the received signal is in the MHz range.The derived model is somewhat complicated, and a simpler interpretation using frequencyscaling is given in Section 5. From this the inuence of, e.g., attenuation and non-linearpropagation is readily revealed and the role of the various parts of a PW system explained.This paper shows that the frequency axis for the received signal is scaled by the factor 2v=c,where c is speed of sound and v is blood velocity. This time dilation was �rst explicitly noted
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spectrumFigure 1: Block diagram of pulsed wave system for velocity estimation.by Newhouse and Amir (1983). They gave a model for the received signal that demonstratedthe stretched time factor. Experiments were also shown proving the model correct. The modelwas derived earlier and used for evaluating transit time e�ects (Newhouse et al. 1976) and thee�ects from scattering and absorption on the power density spectrum (Newhouse et al. 1977),although the time dilation e�ect was not noted explicitly. The inuence from attenuation wasmeasured by Holland et al. (1984) and found in agreement with the model. The scaling of thetime axis was also used by Magnin (1986). He presented the signal processing fundamentalsfor the �rst commercial system to apply direct RF sampling of the received signal, thusskipping the analog demodulation scheme. The exact same scheme was presented by Forsbergand J�rgensen (1989). Magnin (1986) derived a model for the received signal using thetime shift e�ect for a Gaussian pulse and in�nitively many pulse emissions. The commercialimplementation of this system is given by Halberg and Thiele (1986). Thomas and Leeman(1991) have also considered the time shift model and point out the di�erence between this andthe Doppler e�ect, and elucidated the time scaling involved in forming the received signal.The di�erence was also experimentally demonstrated by Thomas and Leeman (1993).This paper derives the received signal for a direct RF sampled signal and extends themodel to include a limited number of pulses. It is also shown that the direct sampled systemand the more conventional ones using analog demodulation actually are equivalent. The onlydi�erence is the implementation of the matched �lter in the RF receiver.2 DOPPLER SYSTEMA traditional Doppler system is depicted in Fig. 1. A pulse is emitted and interacts with themoving blood. A Doppler shift of the pulse spectrum is introduced asfd = �2j~vjc cos(�)f0 (1)as a result of the blood velocity. Here j~vj cos � is the blood velocity along the direction of theultrasound beam, c is the speed of sound, and f0 is the center frequency of the emitted pulse.The received signal is then quadrature demodulated. This is done by moving the spectrumdown to around f = 0 by multiplying the signal with exp(j2�f0t) and then remove the sumcomponent through a set of low-pass �lters1. The resulting signal is sampled and processedto yield the Doppler shift, and thereby the blood velocity and its sign.This standard explanation of the function of the Doppler system has problems whenattenuation of the ultrasound �eld by the tissue is included. The Doppler frequency is typicallyon the order of a few kHz, whereas the shift due to attenuation is considerably higher as canbe seen from Fig. 2. The downshift in center frequency as a function of depth is depicted fora 3 MHz Gaussian pulse with a relative bandwidth of 0.1. The unknown attenuation shift caneasily be ten times the Doppler shift, even for moderate depths. It is, thus, not possible to1These are often, falsely, perceived as being anti-aliasing �lters before the sampling process. They actuallyact as matched �lters. See Section 6.
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z]Figure 2: Shift in center frequency for a Gaussian pulse when propagating in tissue with anattenuation of 0.5 dB/[MHz cm]. The center frequency is 3 MHz and the relative bandwidthis 0.1.estimate the Doppler shift with any accuracy, and these systems do not employ the Dopplere�ect.3 TIME SHIFT MODELA pulsed wave system for velocity estimation emits a number of pulses and extracts a singlesample at the appropriate depth for each pulse. This sampled signal is then used for estimatingthe velocity or its spectrum. The estimation, thus, relies on the relation between samples inthe sampled signal. This relation can be derived from the time shift of the signal from pulse topulse. For a single scatterer ~p1 denotes the initial position of the scatterer and ~p2 the positionafter the next pulse emission Tprf seconds later. The distance between the two positions isgiven by ~p2 � ~p1 = ~v Tprf (2)The movement in the z-direction is perceived as a time shift in the received RF signal and isgiven by ts = j~vj cos(�)c=2 Tprf = 2j~vj cos(�)c Tprf = 2vzc Tprf : (3)Two received signals are related by: r2(tr) = r1(tr � ts); (4)when denoting time since pulse emission as tr . Emitting a sinusoidal pulse, one receivedresponse is given by rr(tr) = a sin(2�f0(tr � 2dc )) (5)where d is the initial depth of the scatterer. Receiving the response from a number of pulsesgives r(i)r (tr) = a sin(2�f0(tr � 2dc � its)) (6)Taking one sample at a �xed time tx relative to pulse emission gives a sampled signalrs(i) = �a sin(2�f02vzc Tprf i� �c) (7)�c = 2�f0(2dc � tx)where �c is a �xed phase factor. The received and sampled signal, thus, has a frequency offp = �2j~vj cos(�)c f0 = �2vzc f0 (8)which has the same magnitude as the Doppler frequency, but is generated by the inter-pulsemovement of the scatterers.



J�rgen A. Jensen, Technical University of Denmark 54 SPECTRUM OF RECEIVED SIGNALThe model derived in Section 3 assumed that the emitted and received signals are essentiallymonochromatic. In reality a short pulse (8-16 cycles) are employed, and that a�ects thespectrum of the received signal. The inuence of the pulse shape and duration is analyzed inthis section. The analysis is, with no loss of generality, done for an RF sampled system inwhich the demodulation is replaced by a matched �lter (see Section 6).RF samples for N emitted pulses are received and the signal after the transducer is givenby rs(t) = aN�1Xi=0 e(t � iTprf � its � 2dc ); (9)where t is absolute time since the �rst pulse emission (i = 0) and e() is the signal emitted foreach pulse. Transforming to the frequency domain gives:Rs(f) = aE(f)N�1Xi=0 exp(�j2�f(i(Tprf + ts) + 2dc ))= aE(f)N�1Xi=0 (exp(�j2�f(Tprf + ts)))i exp(�j2�f 2dc )= aE(f)sin(�f(Tprf + ts)N)sin(�f(Tprf + ts)) exp(�j�f((N � 1)(Tprf + ts) + 4dc )); (10)using that PN�1i=0 xi = 1�xN1�x and the Euler identities. This is the spectrum of the signalreceived by the transducer for a number of pulse emissions. An example is shown in Fig. 3for a rectangular pulse with 8 sine periods at 3 MHz and for 10 pulse-echo lines. The localmaxima are at f = nTprf + ts = nfprf1 + 2vzc � nfprf (1� 2vzc ) (11)and their amplitudes are modi�ed by the spectral amplitude of the pulse.The received signal is then sampled with a frequency of fprf = 1=Tprf , which can bedescribed by a multiplication with a series of �-functions asrf(t) = rs(t) 1Xn=�1 �(t� nTprf): (12)The Fourier transform of this signal isRf(f) = Rs(f) � 1Tprf 1Xm=�1 �(f � mTprf ) (13)= Z +1�1 1Tprf 1Xm=�1Rs(s)�(f � mTprf � s)ds = 1Tprf 1Xm=�1Rs(f � mTprf ):Combining with the previous equation givesRf(f) = afprf 1Xm=�1E(f �mfprf )sin(�(f �mfprf)(Tprf + ts)N)sin(�(f �mfprf)(Tprf + ts)) (14)� exp(�j�(f �mfprf )((N � 1)(Tprf + ts) + 4dc )):The sampling operation moves the components of the spectrum down to the range from�fprf=2 to fprf=2. The maximum of the pulse spectrum is at f0. The sampling operation isessentially a modulus fprf operation, so the maximum in the resulting spectrum is atf = nfprf (1� 2vzc ) mod fprf = �2vzc nfprf (15)
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AmplitudeFigure 5: Signal from a single moving scatterer crossing a beam from a concave transducer.and the dominant excursion is at nfprf � f0, so the maximum is atf = �2vzc f0 (16)An example of this is seen in Fig. 4. The velocity is 0.5 m/s and f0 equals 3 MHz, givinga combined maximum at f = 2�0:515403 � 106 = 1948 Hz. Two peaks are seen, since quadraturesampling is not employed.5 A SIMPLE INTERPRETATIONEquation (14) reveals the e�ects from using di�erent number of pulses and pulse shapes, butthe consequence is not directly obvious from the equation. A simpler model would thus bebene�cial. This can be derived by keeping in mind that the shift in position is responsible forgenerating the signal. An example is shown in Fig. 5. A single scatterer crosses the beam froma pulsed concave transducer. The resulting sampled signal has the same shape as the pulse,since the RF pulse slowly moves past the sampling point indicated by the dashed line. Theconsequence in the frequency domain can be seen from Eq. (7). All frequency components aremultiplied with 2vz=c, and are thus scaled to lie in the audio range. This scaling is indicatedin Fig. 6. The RF frequency axis is replaced by the frequency axis for the sampled signal.The e�ect by a number of factors can now easily be deduced with this simple model in mind.The pulse bandwidth is directly responsible for the bandwidth of the resulting spectrum.A longer pulse, thus, gives a more narrow spectrum. The inuence from the number of pulse-echo lines can also be deduced. Only part of the pulse is sampled if too few lines are used, andthis amounts to multiplying a rectangular window onto the data. A smearing of the spectrum,thus, results. The sampling covers the full pulse length if2vzc TprfN � Mf0 (17)where M is the number of sine periods in the pulse. The lowest velocity possible to determineis therefore dependent on the number of lines used.
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