ULTRASONIC IMAGING 24, 135- 146 (2002)

Doppler Angle Estimation of Pulsatile Flows
Using AR Modeling

CHiH-KuanG YEH AND Pal-cHi L

Department of Electrical Engineering
National Taiwan University
Taipei, Taiwan, R.O.C.
paichi@cc.ee.ntu.edu.tw

In quantitative ultrasonic flow measurements, the beam-to-flow angle (i.e., Doppler angle) is an im-
portant parameter. An autoregressive (AR) spectral analysis technique in combination with the Doppler
spectrum broadening effect was previously proposed to estimate the Doppler angle. Since only a limited
number of flow samples are used, real-time two-dimensional Doppler angle estimation is possible. The
method was validated for laminar flows with constant velocities. In clinical applications, the flow pulsa-
tion needs to be considered. For pulsatile flows, the flow velocity is time-varying and the accuracy of
Doppler angle estimation may be affected. In this paper, the AR method using only a limited number of
flow samples was applied to Doppler angle estimation of pulsatile flows. The flow samples were prop-
erly selected to derive the AR coefficients and then more samples were extrapolated based on the AR
model. The proposed method was verified by both simulations and in vitro experiments. A wide range
of Doppler angles (from 30° to 78") and different flow rates were considered. The experimental data for
the Doppler angle showed that the AR method using eight flow samples had an average estimation error
of 3.50° compared to an average error of 7.08° for the Fast Fourier Transform (FFT) method using 64
flow samples. Results indicated that the AR method not only provided accurate Doppler angle esti-
mates, but also outperformed the conventional FFT method in pulsatile flows. This is because the short
data acquisition time is less affected by the temporal velocity changes. It is concluded that real-time two-
dimensional estimation of the Doppler angle is possible using the AR method in the presence of pulsatile
flows. Inaddition, Doppler angle estimation with turbulent flows is also discussed. Results show that both
the AR and FFT methods are not adequate due to the spectral broadening effects from the turbulence.

KEY WoRDs: Autoregressive model; Doppler angle estimation; Doppler bandwidth; pulsatile flow; tur-
bulent flow.

. INTRODUCTION

Ultrasonic Doppler flow imaging has become a powerful tool in clinical applications. The
Doppler effect, resulting from interaction of the ultrasonic wave with moving red blood
cells, has been extensively used to determine blood flow velocity. However, conventional
Doppler techniques can only estimate the axial component along the acoustic propagation
direction. The projection of the velocity vector onto the transverse direction does not pro-
duce any Doppler shift. Thus, knowledge of the Doppler angle between the beam and flow
directions is required in order to obtain the true flow velocity and to perform quantitative
flow analysis.

To obtain two- or three-dimensional flow information, a number of approaches have been
proposed.” One approach is the speckle tracking method. The two-dimensional velocity
vector can be found by tracking the speckle pattern from consecutive B-mode images."” An-
other approach is to use a three-transducer set-up to measure the three-dimensional flow vec-
tor.” Since the transverse movement of the blood scatterers results in a modulation of the
received signal, a modified autocorrelation approach that automatically compensates for the
axial velocity when determining the transverse velocity was also proposed.” A similar ap-
proach has been suggested by Anderson based on spatial quadrature.’
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The Doppler spectrum broadening effect was also used to find the Doppler angle.
Newhouse et al established the transverse Doppler theory describing the relationship be-
tween the Doppler angle and the bandwidth of the Doppler spectrum.”” The received band-
width of the Doppler spectrum broadens as the scatterers travel through the focused
ultrasound beam within a certain period of time. Tortoli et al demonstrated that the maxi-
mum frequency of the measured Doppler spectrum equals the Doppler shift frequency plus
one half of the spectrum bandwidth even in the presence of velocity gradient.*” The maxi-
mum frequency of the Doppler spectrum can be related to the maximum velocity in the range
cell that depends on the beam-to-flow angle. Based on the classic and transverse Doppler ef-
fects, Lee et al proposed a Doppler angle and flow velocity estimation method for both con-
stant and pulsatile flow measurements."’

Based on the transverse Doppler theory, accurate Doppler spectral estimation is necessary
to correctly calculate the Doppler angle. Fast Fourier Transform (FFT) based spectral esti-
mators are typically used to obtain the Doppler spectrum. One problem with the FFT method
is that a sufficiently long data acquisition time is required to achieve adequate spectral reso-
lution. Therefore, the FFT method has only been applied to spectral Doppler modes and it is
not suitable for real-time two-dimensional Doppler imaging.

To overcome the problem, a correlation-based method for Doppler angle estimation was
proposed.' Variance of the Doppler spectrum is used to approximate the square of the Dopp-
ler bandwidth . In a color Doppler system, variance of the Doppler power spectrum is rou-
tinely calculated using a limited number of samples (e.g., 4-12). However, the method is
limited in clinical applications due to the need of temporal and spatial averaging. On the
other hand, an autoregressive (AR) spectral analysis technique using a limited number of
flow samples (e.g., 8) was proposed.” The method does not require averaging and is able to
accurately estimate the Doppler bandwidth. It also outperforms the conventional FFT
method at small Doppler angles due to the ability to effectively increase the observation time
by extrapolation. Since only a limited number of flow samples are used, real-time two-
dimensional Doppler angle estimation is possible. The method has been validated for lami-
nar flows with constant velocities.

In clinical applications, flow pulsation and turbulence need to be considered. In this case,
the flow velocity is time-varying and the Doppler bandwidth is affected by the temporal ve-
locity change within the data acquisition window. The AR method proposed by Yeh and Li
is expected to outperform the conventional FFT method since the shorter data acquisition
time required by the AR method is less affected by the temporal velocity change.” There-
fore, it is the primary purpose of this paper to test this hypothesis. Doppler angle estimation
using the AR method will be validated using both simulations and in vitro experiments. It
will also be compared to the conventional FFT-based method. T he paper is organized as fol-
lows. In section II, the relations between the Doppler bandwidth and Doppler angle are re-
viewed. Principles of the proposed approach are also described. The performances of the
angle estimator on simulated data are presented in section I1I and the experimental results are
shown in section IV. The conclusions and discussion are described in section V.

Il. MATERIALS AND METHODS

A. Basic principles of Doppler angle estimation

The Doppler frequency shift produced by the echoes backscattered from blood is used to
measure the axial flow component of the flow velocity vector. The Doppler shiftis related to
the flow velocity by
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where f, is the mean frequency of the Doppler spectrum, v is the flow velocity, A is the acous-
tic wavelength and 0 is the Doppler angle.

Because the Doppler bandwidth (B) is inversely proportional to the transit time of a scat-
terer crossing the acoustic sample volume,”” we have

B:Kv-sine’ 2)
w

where k is a scaling factor and w is the beam width. Therefore, given a Doppler spectrum and
acoustic beam geometry, the Doppler angle 6 can be found by

0 = tan"! (W—'B ' (3)
K -v-cosO

Apparently, the accuracy of Doppler angle estimation is determined by the accuracy of the
spectrum estimator from Eq. (3).

In practice, the Doppler spectrum is broadened due to spatial velocity variations (i.e., ve-
locity gradient).”* To overcome this problem, Tortoli et al demonstrated that in the presence
of a velocity gradient, the maximum Doppler frequency (f, ) still remains the same and can
be represented as the Doppler frequency shift plus one half of the Doppler spectrum band-
width.” Lee et al extended the relation to derive the Doppler angle formula as'

0 =tan—l(fmax_fd E)’ (4)
Ja w

where F'is the transducer focal length and W is the transducer width. In this paper, Eq. (4) is
used to estimate the Doppler angle.

B. Principles of autoregressive method

Traditionally, the Doppler spectrum is estimated using the FFT. In this paper, the AR
method is used for Doppler spectral estimation. Based on the AR model, the current value of
aDoppler signal y(n) can be described by a linear combination of previous values of the same
Doppler signal and a white noise input.” Note that the Doppler signal contains flow informa-
tion at a particular range (or range gate). It is inherently discrete with a sampling interval
equal to the pulse repetition interval (PRI). For a p-th order AR model, we have

y(n)=e(n)—ay(n-1)—a,y(n-2)—...—ay(n-p), (5)

where e(n) is a white, stochastic signal driving the AR process and the ai’s are the prediction
coefficients of the p-th order AR-model. The variance of e(1) and the coefficients , s can be
estimated by solving the Yule-Walker equations. Once the parameters are computed, future
values of the Doppler signal can be extrapolated. In other words, given the Doppler signal
for y(n—1) toy(n—p), the Doppler signal for y(n-p+1), ..., (n) can be extrapolated, assuming
the coefficients a, s are accurately estimated.
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FIG. 1 Selection of the Doppler signal. (a) Signal intensity (depth direction). (b) Doppler signal intensity
(Doppler temporal direction). (c¢) Original Doppler signal. (d) Extrapolated Doppler signal.

Three issues need to be addressed when implementing the AR model. The first issue is se-
lection of the model order. Ifthe order is too low, not all features of the signal are described.
Ifthe order is too high, on the other hand, false peaks and line splitting may be present.” This
issue in the context of Doppler signal extrapolation will be further discussed in the following
section.

The second issue is selection of the Doppler signal to be extrapolated. Our previous results
have suggested that, assuming a p-th order AR model, the p flow samples can be used for
Doppler angle estimation if the following two conditions are simultaneously satisfied."”
First, one of the flow samples must contain the maximum in the depth (a.k.a. fast time) direc-
tion such that a local maximum signal-to-noise ratio is guaranteed. Second, signal intensity
of the Doppler signal increases and reaches a peak before it starts to decrease along the
Doppler temporal (a.k.a. slow time) direction. For a particular depth or within a certain
range gate, the signal along the Doppler temporal direction is defined as the Doppler signal.
The second criterion implies that the scatterers of interest cross the center of a beam during
the observation time.

The criteria can be explained in figurel. In (a), the circle corresponds to a maximum along
the depth direction. Panel (b) shows the Doppler signal intensity (i.e., square of the enve-
lope) after baseband demodulation along the Doppler temporal direction at the depth defined
in(a). Inthis case, a peak is found in the first few samples and, hence, the flow samples can
be used. Panel (c) corresponds to the original radiofrequency (rf) Doppler signal. The ex-
trapolated Doppler signal using the first eight samples are shown in (d). It has been shown
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that the data selection process can effectively choose valid Doppler samples and reduce in-
terference from multiple scatterers."”

The third issue of this approach relates to the sample volume. In our previous study, ef-
fects of the aspect ratio (i.e., the ratio of length of the Doppler range gate to the lateral beam
width) of the sample volume with the AR method were discussed." " For a large aspect ratio
(e.g., 5), there was a good agreement between the AR method and the theoretical values at
large Doppler angles and high velocities. At lower Doppler angles, there was a significant
deviation between the predicted values and the theoretical values for aspect ratios smaller
than 5. This is due to the fact that with a small aspect ratio, the path length along the flow di-
rection quickly deviates from the assumed value as the Doppler angle decreases from 90°.” "
Effects of the velocity gradient on the AR-based Doppler angle estimation method were also
investigated. The results show that the estimation error of the AR method increases with the
degree of spatial velocity gradient and decreases with the aspect ratio. On the other hand, the
AR method had an average estimation error of 3.6° in the experimental data for Doppler an-
gles ranging from 33° to 72°."” Based on our previous findings, the aspect ratio is set to 5 in
this study.

lll. RESULTS ON SIMULATED DATA

A. Pulsatile flows

Simulations of pulsatile flows were performed to test the proposed approach. The simula-
tion model consisted of two parts. The first part included blood scattering and the acoustic
point spread function. The response of each scatterer was calculated using an acoustic im-
pulse response method.” The second part was for the time-varying velocity profile of
pulsatile flows."” " The velocity at a particular point in the vessel changed with time due to
flow acceleration and deceleration. In this study, the flow velocity profiles emulated flows
in the carotid artery.

In the simulations, the transducer was a linear array with a center frequency of 3.5 MHz
and a 19 mm aperture size. The sample volume was located at the focal point, which was 70
mm away from the transducer. The corresponding pulse-echo —6 dB beam width was about
1.4 mm at the focal point. The sound velocity was 1,540 m/s and the PRI was 150 ps. The
heart rate was 80 per minute (i.e., the duration of a heart cycle was 0.75 s). Figures 2(a)-(d)
represent the temporal velocity distributions during a single cardiac cycle with the mean ve-
locities at 3,9, 15, and 21 cm/s, respectively. The Doppler angle in this case was 45°. Note
that inverted brightness is displayed in figures 2 (a)-(d) (i.e., the signal intensity increases as
the display brightness decreases).

Regarding the Doppler angle estimation, 64 samples were obtained by extrapolating eight
original flow samples. The resultant 64 samples were then Fourier transformed to obtain the
Doppler spectrum. This is also referred to as the AR method. The spectrum was also com-
pared to the spectrum obtained by Fourier transforming 64 original flow samples. This is re-
ferred to as the FFT method. The order of the AR model was selected such that the prediction
error (PE) was minimized. The prediction error is given by

PE=E{((n)—y'(nlp)’}, 6)

where y(n) is the original data, and y(n|p) is an extrapolated data set based on a p-th order AR
model.” By definition, PE was 100% with an order of 1. In the simulations, 64 samples
starting from 0.1 second relative to the beginning of the heart cycle shown in figures 2 (a)-(d)
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FIG. 2 Velocity distribution with mean velocities at (a) 3 co/s, (b) 9 cm/s, (c) 15 c/s and (d) 21 cm/s. The
Doppler angle was 45°. Note that inverted brightness is displayed (i.e., the signal intensity increases as the display
brightness decreases).

were selected. The four Doppler signals were then used to test the order selection criterion of
the AR model. T he four prediction errors as a function of the model order are shown in figure
3. The solid, dash-dotted, dashed, and dotted lines represent the mean velocities of 3,9, 15,
and 21 cm/s, respectively. The four PE curves show that the prediction errors decrease as the
order increases. 20% PE error was used as the threshold. Based on figure 3, the four PE
curves at an order of 8 were all below 20%. Hence, an 8-th order AR model was used in the
following simulations.

The results of Doppler angle estimation using the AR method and the FFT method are
shown in figures 4 and 5, respectively. In each figure, (a)-(d) represent the results at mean
velocities of 3, 9, 15, and 21 cm/s, respectively. Totally, fifteen Doppler angle estimates
were obtained within the duration of a heart cycle. The actual Doppler angles (i.e., 45°) are
shown as the horizontal dashed lines. The asterisks represent the estimated Doppler angles.
The AR method had an average estimation error of 2.61° and a standard deviation of 3.19°
(Fig. 4), whereas the FFT method had an average error of 5.41° and a standard deviation of
6.16° (Fig. 5).

Different Doppler angles were also considered in this study. The Doppler angle varied
from 30°to 78°. Other ultrasonic parameters were the same as those used in previous simula-
tions. The means and the standard deviations of the estimation errors were summarized in
Table 1. Tables 1 (a) and (b) show the Doppler angle estimates using the AR method and the
FFT method, respectively. The simulation data for the AR method had an average estimation
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TABLE 1. Summary of the errors of Doppler angle estimation using the (a) AR method and (b) FFT method with
simulation data. All results are mean * one standard deviation.

Doppler angle Peak velocity (cm/s) (@)

©) 10 30 50 70

30 2.42+2.78 1.87+ 2.24 2.00 £2.87 2.50+3.14

45 271+£3.17 3.03 £3.56 235+3.19 2.35+2.83

55 2.44£3.20 3.09 £3.56 1.87£2.51 2.01 £2.38

65 2.58+3.16 2.69 £3.83 2.78 £3.39 2.17+2.53

78 293 £3.82 1.66 +1.88 2.30+3.18 2.10£2.58
Doppler angle Peak velocity (cm/s) (b)

©) 10 30 50 70

30 7.45 £5.56 6.54£5.24 5.96 £4.58 6.58 £5.19

45 548 £5.85 5.54£6.32 5.16 £5.80 5.47 £ 6.66

55 5.75+£8.54 6.81£7.53 7.31 £8.54 6.34 £5.45

65 5.81£6.45 5.84 £6.56 5.57+£6.82 5.15+£4.87

78 7.23+£4.87 6.63 £7.98 6.04 +5.68 478 £591
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FIG. 4 Simulation results of the estimated Doppler angles using the AR model with the mean velocities at (a) 3
cmy/s, (b) 9 cm/s, (c) 15 em/s and (d) 21 cm/s. The Doppler angle was 45°.

error of 2.39° and an average error of 6.07° for the FFT method. The results indicate that the
AR method provides more accurate Doppler angle estimates than the FFT method. This is
because that the AR method only uses eight Doppler signals, whereas the FFT method uses
64 Doppler signals. Hence, the AR method is less affected by the temporal velocity change.

B. Turbulent flows

Turbulent flows may be present in clinical applications of Doppler angle estimation. In
the cardiovascular system, for example, turbulence has been associated with poststenotic di-
latation, aneurysms, atherogenesis and thrombosis." " With turbulent flows, significant ve-
locity variations exist within the sample volume. In this case, the Doppler angle estimation
using the AR or FFT method is similarly affected by the spatial flow velocity changes. The
Doppler angle estimation in turbulent flows using the AR and FFT methods was investigated
using simulations. The turbulence was modeled as an irregular motion occurring about the
mean velocity and random velocity components were used to generate the Doppler signal."”
In the simulations, the Doppler signal in the presence of turbulence was simulated by having
the scatterers move with a two-dimensional random velocity. The magnitude of the velocity
was uniformly distributed within £ 50% around a mean velocity that corresponded to the ve-
locity of a constant flow. The direction of the velocity also varied between = 50% around the
primary Doppler angle.
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FIG.5 Simulationresults of the estimated Doppler angles using the conventional FFT method with mean veloci-
ties at (a) 3 cm/s, (b) 9 cm/s, (c) 15 cm/s and (d) 21 cm/s. The Doppler angle was 45°.

The simulation model and related parameters were the same as that described previously.
Sixty four Doppler signals were simulated for each case. The laminar flows with constant
velocities were introduced to compare with flows with turbulence. The maximum velocity
was 30 cm/s. Figures 6 (a)-(d) represent the distributions of Doppler spectrum using FFT
with Doppler angles of 30°, 45°, 60°, and 75°, respectively. The solid and dotted lines repre-
sent the results of laminar flows with constant velocities and turbulent flows, respectively.
The results show that the Doppler bandwidth of a turbulent flow is broader than that of a lam-
inar flow with constant velocity.

The Doppler angle estimates in turbulent flows with five Doppler data sets at each angle
are shown in figure 7. Figure 7(a) shows the estimated Doppler angles using the AR method,
which had an average estimation error of 17.3°. The FFT method using 64 flow samples had
an average error of 15.7° as shown in figure 7(b). The results show that both the AR and FFT
methods are not suitable to estimate Doppler angles when the Doppler spectrum is affected
by turbulence.

IV. RESULTS ON EXPERIMENTAL DATA

Experiments were also conducted to investigate the performance of the AR method. A
block diagram of the experimental system is shown in figure 8. The pulsatile flow was gen-
erated by the CompuFlow1000 flow system (Shelley Medical Imaging Technologies, On-
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FIG. 6 The Doppler spectra of laminar flow with constant velocity (solid) and flow with turbulence (dotted).
The Doppler angles are (a) 30, (b) 45°, (c) 60° and (d) 75".

tario, Canada). A blood-mimicking fluid (Shelley Medical Imaging Technologies, Ontario,
Canada) was used as the scattering source. The heart cycle was 0.752 s. A silicone tube with
an 8 mm internal diameter was used as the vessel.

The data acquisition system consisted of a pulser/receiver (Panametrics 5072, MA, USA)
with a 12-bit, 80 Msamples/s arbitrary function generator (CompuGen 1100, Gage, Mon-
treal, Canada) and a 12-bit, 100 Msamples/s A/D converter (CompuScope 12100, Montreal,
Canada). The sampling frequency of the A/D converter was 20 Msamples/s. The arbitrary
function generator was used to externally trigger the pulser with a PRI of 150 us. The equip-
ment was controlled by a personal computer under LabVIEW (National Instruments, TX,
USA). After the returning echoes were amplified, the signals were then sampled by the A/D
converter and stored for off-line signal processing. Data analysis and graphic display were
done on a personal computer using MATLAB (MathWorks Inc., MA, USA). The transducer
(Panametrics V381, MA, USA) had a center frequency of 3.5 MHz and a fixed focus at 70
mm. The diameter of the transducer was 19 mm making the two-way —6 dB beam width
about 1.4 mm at the focal point. In this study, two D/A converters were used to ensure that
the CompuFlow1000 flow system and the data acquisition system were synchronized.

In the experiments, four arterial flows with peak velocities at 10, 30, 50, and 70 cm/s were
used. The four flows corresponded to mean velocities (i.e., temporal averages) at 3, 9, 15,
and 21 cm/s, respectively. The velocity profile with the peak velocity at 10 cm/s (defined by
the CompuFlow 1000 flow system) is shown in figure 9(a). The Doppler angle was 45°.
Note that the Doppler signal from 0 to 0.285 s (denoted by the dashed line in figure 9(a)) in
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the arterial flow was collected. The portion of the Doppler signal also included the peak ve-
locity, where the velocity variation was the greatest. Figure 9(b) shows the corresponding
grayscale M-mode image of the Doppler signal collected by the experimental system with a
dynamic range of 40 dB. The two horizontal dashed white lines represent the upper and the
bottom vessel walls, respectively.

The Doppler angles used in the experiments were 30°, 45°, 55°, 65° and 78°. Ateach angle,
five data sets were used. For each data set, Doppler angles were estimated every 0.05 s. In
addition, the data selection criteria described in section II were applied. In other words, one
of the flow samples must contain the maximum in the axial direction and the signal intensity
of the Doppler signal increases and reaches a peak before it starts to decrease along the
Doppler temporal direction. Results of the Doppler angle at 45’ using the AR method and the
FFT method are shown in figures 10 and 11, respectively. Panels (a)-(d) represent the flows
with peak velocities of 10,30, 50 and 70 cm/s, respectively. The dashed lines in all panels are
the true Doppler angle. In figure 10, the AR method had an average estimation error of 3.75°
(average estimate denoted by ‘x’) and the standard deviation ranged from 3.71°to 4.31° (de-
noted by the error bar). The results from the FFT method using 64 original flow samples as
shown in figure 11 had an average error of 6.87°and the standard deviation ranged from 6.03°
to 8.00°.

The mean values and standard deviations of Doppler angle estimation with different
Doppler angles (from 30°to 78°) and flow rates were summarized in table 2. Other ultrasonic
parameters were the same as those used in previous experiments. Tables 2 (a) and (b) show
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TABLE 2. Summary of the errors of Doppler angle estimation using the (a) AR method and (b) FFT method with
experimental data. All results are mean + one standard deviation.

Doppler angle Peak velocity (cm/s) (@)

©) 10 30 50 70

30 2.93+£3.33 3.05 £3.06 3.30£2.74 3.77+£3.19

45 3.46+3.71 3.95+4.31 4.05+4.04 3.53+£3.99

55 3.77+3.54 3.43£3.62 3.42£3.69 3.99£3.14

65 2.75+3.45 3.51+£3.32 3.96 £3.38 4.65+4.01

78 3.40 £3.38 2.54£2.88 3.06+3.13 4.13+£3.02
Doppler angle Peak velocity (cm/s) (b)

©) 10 30 50 70

30 8.87+7.51 7.24 £5.96 8.62+5.02 6.46 £7.19

45 6.45£6.70 6.50 £6.03 7.33 £8.00 7.20 £6.19

55 6.98 £6.26 5.41£6.57 6.58 £7.02 8.34£7.41

65 551+7.24 6.38 £5.56 8.05+6.25 7.95 £ 6.87

78 6.94 £5.67 5.54£6.52 7.54£5.18 7.81£6.13

the Doppler angle estimates using the AR method and FFT method, respectively. The exper-
imental data for the AR method had an average estimation error of 3.50° and an average error
of 7.08° for the FFT method. The experimental results also indicate that AR method outper-
formed the FFT method.
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FIG.9 Experimental data for a pulsatile flow with the peak velocity at 10 cm/s. (a) Velocity profile of the arterial
flow. (b) M-mode image.
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FIG. 10 Estimated Doppler angles using the AR method. The real angle is 45°. Peak velocities are (a) 10 cm/s,
(b)30cm/s, (¢) 50 cm/s and (d) 70 cm/s. Error bars represent + one standard deviation relative to the mean value.

The relative performance of the AR and FFT method depends on the signal-to-noise ratio
(SNR)."” The SNR is defined as the ratio of the average signal power to the average noise
power. Marasek and Nowicki compared the performance of various spectral estimation
techniques for maximum frequency estimation of the Doppler spectra.” It was concluded
that the performance of the spectral estimation techniques depended on the SNRs and accu-
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FIG. 11 Estimated Doppler angles using the FFT method. Thereal angle is 45°. Peak velocities are (a) 10 cm/s,
(b)30 cm/s, (¢) 50 cm/s and (d) 70 cm/s. Error bars represent + one standard deviation relative to the mean value.

rate estimation results can be obtained only for signals with SNR > 3dB. In our study, the
SNRs were equal to 20 dB and 10.5 dB (> 3dB) for the simulations and experiments, respec-
tively. Thus, the AR and the FFT method are both suitable to estimate the Doppler spectra.

V. CONCLUSIONS AND DISCUSSION

In this paper, an AR approach using a limited number of flow samples for Doppler angle
estimation was applied to pulsatile flows. An 8-th order AR model was used to extrapolate
the original 8 flow samples to 64 flow samples for spectral estimation. Based on simulation
and experimental results, the AR method not only accurately estimated the Doppler angle,
but also outperformed the conventional FFT method. The main reason for this is that the data
acquisition time required by the AR method is smaller and hence it is less affected by the
temporal velocity change.

In the presence of the turbulent flows, however, the AR method is not suitable for
estimating the Doppler angle due to the fact that the Doppler bandwidth is not only affected
by the transit time effect, but it is also affected by the turbulence. In this study, the experi-
mental results had larger estimation errors than the simulation results. This is possibly due to
the difference of the SNRs. In other words, the lower SNR associated with the experimental
data potentially induced more extrapolation errors when the AR method was applied.
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In a previous study, the performance of the AR method in the constant velocity flows was
validated.” The spatial velocity gradient associated with a laminar flow had noticeable im-
pact on the estimation results. Errors of the AR method increased with the gradient. In the
previous study, the AR method had an average estimation error of 3.6° in the experimental
data for the Doppler angle ranging from 33° to 72°." For pulsatile flows, the Doppler band-
width is affected by both the spatial and temporal velocity changes. The experimental data
for the AR method in this study had an average estimation error of 3.5° for a Doppler angle
range from 30°to 78°. It was found that the spatial velocity change (i.e., gradient) has a bigger
impact on Doppler angle estimation than the temporal velocity change (i.e., pulsation) with
the AR method. However, the FFT method is significantly affected by both the spatial and
temporal velocity changes. For the FFT method, the average estimation errors for constant
flows and for pulsatile flows were 4.7° and 6.87°, respectively.

Finally, the results shown in the paper indicate that real-time two-dimensional Doppler
angle estimation using the AR method in the presence of pulsatile flows is feasible. Al-
though the computational complexity associated with the AR method is more demanding
than that with the conventional FFT method, such computational requirements can be ade-
quately met and do not affect the two-dimensional imaging frame rate. *’
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