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Doppler Angle Estimation Using AR Modeling

Chih-Kuang Yeh and Pai-Chi Li, Senior Member, IEEE

Abstract—The transit time spectrum broadening effect
has long been explored for Doppler angle estimation. Given
acoustic beam geometry, the Doppler angle can be derived
based on the mean Doppler frequency and the Doppler
bandwidth. Spectral estimators based on the fast Fourier
transform (FFT) are typically used. One problem with this
approach is that a long data acquisition time is required
to achieve adequate spectral resolution, with typically 32—
128 flow samples being needed. This makes the method
unsuitable for real-time two-dimensional Doppler imaging.
This paper proposes using an autoregressive (AR) model
to obtain the Doppler spectrum using a small number (e.g.,
eight) of flow samples. The flow samples are properly se-
lected, then extrapolated to ensure adequate spectral res-
olution. Because only a small number of samples are used,
the data acquisition time is significantly reduced and real-
time, two-dimensional Doppler angle estimation becomes
feasible. The approach was evaluated using both simulated
and experimental data. Flows with various degrees of veloc-
ity gradient were simulated, with the Doppler angle rang-
ing from 20° to 75°. The results indicate that the AR
method generally provided accurate Doppler bandwidth es-
timates. In addition, the AR method outperformed the FFT
method at smaller Doppler angles. The experimental data
for Doppler angles, ranging from 33° to 72°, showed that
the AR method using only eight flow samples had an aver-
age estimation error of 3.6°, which compares favorably to
the average error of 4.7° for the FFT method using 64 flow
samples. Because accurate estimates can be obtained using
a small number of flow samples, it is concluded that real-
time, two-dimensional estimation of the Doppler angle over
a wide range of angles is possible using the AR method.

I. INTRODUCTION

OPPLER principles have been widely used to estimate

the velocity of blood flow. However, such techniques
can detect only the velocity component in the direction of
wave propagation as projection of the velocity vector onto
the transverse direction does not produce any Doppler
shift, thus the angle between the wave propagation and
the flow must be known to determine the true flow ve-

locity. It has been shown that the Doppler bandwidth is

inversely proportional to the transit time of a scatterer
crossing the ultrasound beam [1]-[5]. This has been de-
scribed as the transit time spectrum broadening effect, and
several methods have been proposed for determining the
Doppler angle from the resulting Doppler bandwidth [1],
[2]. The Doppler bandwidth also has been derived theoret-
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ically for a flow moving transversely to the beam axis of a
transducer.

The fast Fourier transform (FFT') is the most commonly
used signal processing technique for Doppler spectrum es-
timation. One problem with this approach is that a long
data acquisition time is required to achieve adequate spec-
tral resolution and reduce the bias and variance of the es-
timates (6], (7]. Furthermore, if the data acquisition time
(i.e., the observation time) is smaller than the transit time,
the dependence of the Doppler bandwidth on the Doppler
angle no longer exists. Thus, the requirement of a long
data acquisition time renders the FFT-based method un-
suitable for real-time, two-dimensional Doppler imaging.

To overcome the problem, a correlation-based method
has been proposed for Doppler angle estimation [4], [8].
Specifically, the variance of the Doppler spectrum is used
to approximate the square of the Doppler bandwidth. In a
color Doppler imaging system, the variance of the Doppler
signal is routinely calculated using only a small number
(e.g., 4-12) of flow samples. Compared to the FFT-based
method, this represents a significant reduction in the data
acquisition and makes real-time, two-dimensional Doppler
angle estimation possible. Although it has been shown that
the correlation-based method can be used for accurate an-
gle estimation using only four flow samples, variance aver-
aging must then be applied [4]. The variance averaging can
be performed either temporally or spatially. If temporal av-
eraging is used, the correlation-based method is primarily
restricted to constant velocity flows. However, for spatial
averaging the method is affected by the velocity gradient.
Thus, clinical applications of the correlation-based method
are not yet practical unless the effects of temporal and spa-
tial variations of the flow can be taken into account. The
primary purpose of the study reported in this paper was
to explore an alternative method for real-time Doppler an-
gle estimation that dispenses with the need for averaging.
Specifically, the autoregressive (AR) spectral analysis tech-
nique was used to estimate the Doppler spectrum from a
small number of flow samples.

Parametric spectral estimation methods (which include
AR techniques) have been suggested for Doppler spectrum
estimation [9]-{13]. One advantage of these methods is that
high spectral resolution can be achieved using a short data
set for nonstationary flows. In other words, new samples
can be predicted based on previous samples if the sig-
nal model can be accurately estimated. David et al. [7]
compared the conventional FFT-based method with three
parametric spectral estimation techniques under a variety
of signal-to-noise ratio and signal bandwidth conditions. If
the model order was chosen appropriately, the parametric
spectral analysis techniques were shown to be superior to
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the Fourier techniques in most circumstances. The criteria
for selecting an optimal model order and its corresponding
clinical significance have been studied extensively [11]-[13].
It also has been suggested that it is feasible to implement
real-time AR spectral analysis in diagnostic ultrasound
[14]. Note that the AR spectral analysis approaches found
in the literature are somewhat restrictive, in that they are
generally used to extract certain features of the blood flow
signal under specific conditions only. This also applies in
our study, in which the AR method is used to achieve high
spectral resolution using a short data set for nonstation-
ary flows. Nonetheless, because the general features of the
Doppler spectrum (e.g., center frequency and bandwidth)
are still of primary interest, the AR coefficients are used
here only for data extrapolation; the Doppler spectrum is
still calculated using the FFT.

Another issue for Doppler bandwidth estimation is the
interference caused by multiple scatterers within the sam-
ple volume. Ideally, the transit time and corresponding
Doppler bandwidth can be estimated accurately if there is
only a single scatterer crossing the acoustic beam. In prac-
tice, multiple scatterers are present, and the interference
among them may affect Doppler bandwidth estimation.
This phenomenon is illustrated in Fig. 1. The top panel of
Fig. 1(a) shows the grayscale M-mode image of the enve-
lope of a radio-frequency (RF) signal from a single scat-
terer crossing the sample volume with a dynamic range of
40 dB. Each vertical line in this panel corresponds to the
envelope of the received signal along the axial direction.
Such signals are repetitively obtained at a rate defined by
the pulse repetition frequency, and they are plotted along
the horizontal axis. For a particular depth or within a cer-
tain range gate, the signal along the horizontal direction
also is known as the Doppler signal. The signal can be in
either the RF range or baseband. Note that, if a range gate
is used, axial averaging of all the signals within the gate is
performed. The Doppler signal corresponding to the range
gate 6870 mm from the signal in the top panel of Fig. 1(a)
is shown in the middle panel. The bottom panel shows the
corresponding Doppler spectrum. Note that the Doppler
signal is a discrete signal with the sampling rate defined
by the pulse repetition frequency. For a single scatterer,
the transit time is the length of the time interval along the
horizontal direction, during which a strong Doppler signal
is observed. The transit time defined by the envelope of
the Doppler signal in the middle panel is inversely propor-
tional to the Doppler bandwidth in the bottom panel.

The three panels of Fig. 1(b) have the same format as
Fig. 1(a), except that there are now two scatterers crossing
the sample volume. The lower two panels demonstrate that
both the envelope of the Doppler signal and the Doppler
bandwidth are affected by the presence of more than one
scatterer. However, the mean Doppler frequency is rel-
atively unchanged. Thus, a significantly different band-
width is found, although the true Doppler angle remains
unchanged.

Fig. 1(c) shows the results in a realistic case in which
multiple scatterers are present. Again, both the transit
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time and the Doppler bandwidth are affected due to the
interference from multiple scatterers. Thus, the estimated
Doppler angle will be incorrect. However, if the Doppler
spectrum is obtained by extrapolating a small data set,
such interference may be reduced without affecting the
spectral resolution. The advantage of the AR method may
be more pronounced for a smaller Doppler angle because
the transit time is longer in this case.

In this paper we explore the potential of Doppler angle
estimation using the AR spectrum model. The proposed
approach estimates the Doppler spectrum using a short
data set, and the results are compared to those from the
FFT-based method. Because only a small number of sam-
ples are acquired, the data acquisition time is significantly
reduced and real-time, two-dimensional Doppler angle es-
timation is possible. In addition, the advantages of the AR
method at small Doppler angles (i.e., long transit times)
are demonstrated.

The paper is organized as follows. Section II reviews
the relationship between the Doppler bandwidth and the
Doppler angle. Principles of the proposed approach also
are described. The performance of the angle estimator with
simulated data is presented in Section I11, and the experi-
mental results are given in Section I'V. The conclusions are
given in Section V.

I1. DorPPLER ANGLE ESTIMATION USING THE AR
MODEL

The velocity of blood flow can be measured by detecting
the Doppler frequency shift of echoes backscattered from
blood. The Doppler frequency shift f; is related to the flow
velocity by:

fa= 2—1} cos 0,

. M

where v is the flow velocity, A is the acoustic wavelength,
and 6 is the Doppler angle. The term v - cosf is the axial
flow component of the velocity vector, which is computed
by most blood velocity estimators.

It is known that the Doppler bandwidth (bw) is in-
versely proportional to the transit time of an acoustic scat-
terer crossing the sample volume [1], [2]. The relation is
given by:

v-sinf
w

bw =k

; (2

where « is a scaling factor and w is the beam width. Given
a particular Doppler spectrum and the acoustic beam ge-
ometry, the Doppler angle can be determined from [1]-{4]:

b
0=t (L),
K-v-cosb
The (3) indicates that the accuracy of Doppler angle es-

timation is determined by the accuracy of the spectrum
estimation.

3)
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Fig. 1. M-mode, Doppler signal, and Doppler spectrum (from top to bottom) for (a) one scatterer, (b) two scatterers, and (c) multiple

scatterers. Normalized amplitudes (Norm. Amp.) are shown.

In (3) it is assumed that the observation time is
longer than the transit time, and that the velocity is con-
stant within the sample volume. In practice, however, the
Doppler spectrum is broadened due to spatial velocity vari-
ations (i.e., velocity gradient) in the blood vessel. To over-
come this problem, Tortoli et al. [15] demonstrated that, in
the presence of a velocity gradient, the maximum Doppler
frequency fimaqz is unchanged. Thus, the maximum Doppler
frequency can be used to derive the Doppler angle:

0 =tan ! (i‘ﬂﬁ___fl_’ . E)

A W (4)

where f, is the frequency at which the Doppler spec-
trum has its maximum intensity, £ is the transducer focal
length, and W is the transducer width [16].

As mentioned in Section I, Lee et al. [16] used the tra-
ditional FFT-based method to estimate the Doppler spec-
trum, but here the AR method is used for data extrapola-
tion. Based on the AR model, the value of a Doppler signal

y(n) can be described by a linear combination of previous
values of the same Doppler signal and a white-noise input
[17]. Note that the Doppler signal is discrete by definition.
For a p-th order AR model, we have:

y(n) =e(n) —ary(n — 1) — agy(n — 2) — -+ — apy(n - p),

()

where e(n) is a white, stochastic signal driving the AR pro-
cess, and the a;’s are the parameters. The variance of e(n)
and the a;’s can be estimated by solving the Yule-Walker
equations. Future values of the Doppler signal can be ex-
trapolated once these parameters are computed. In other
words, given the Doppler signal for y(n — 1) to y(n — p),
the Doppler signal for y(n) to y(n+g) can be extrapolated
if the a;’s are assumed to be estimated accurately.

Three issues need to be addressed when implementing
the AR model. The first is selection of the model order
p; if it is too low, not all features of the signal can be
described. Whereas, if the order is too high, false peaks and
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Fig. 2. Selection of the Doppler signal. (a) Signal intensity (vertical direction). (b) Doppler signal intensity (horizontal direction). (c¢) Original
Doppler signal. (d) Extrapolated Doppler signal. “Norm. Int.” represents the normalized intensity.

line splitting may be present [12], [13]. The order selection
criterion is discussed in Section III.

The second issue relates to the aspect ratio of the sam-
ple volume, which is defined as:

l
aspect ratio = —, (6)
w

where [ is the sample volume length (i.e., length of the
Doppler range gate). For a ratio of 1, the sample volume on
the image plane becomes circular. Thus, the Doppler band-
width is relatively constant because the transit time does
not change as a function of the Doppler angle. For a large
aspect ratio (e.g., 5), the relationship between the band-
width and sinf is approximately linear at large Doppler
angles [4].

The third issue is selection of the Doppler signal to be
extrapolated. To ensure that the extrapolated signal can
be used to obtain an accurate estimate of the Doppler

bandwidth, the flow data must be selected carefully. As-
suming that a p-th order AR model is used, the p flow
samples are used for Doppler angle estimation if the fol-
lowing two conditions are satisfied simultaneously: one of
the flow samples must correspond to a maximum in the
axial direction so that good signal-to-noise ratio is guaran-
teed, and the signal intensity of the flow samples increases
and reaches a peak before it starts to decrease along the
horizontal direction. The second criterion implies that the
scatterers of interest cross the center of the beam during
the observation time. The criteria are graphically demon-
strated in Fig. 2. The circle in Fig. 2(a) corresponds to a
maximum along the axial direction. Fig. 2(b) shows the
Doppler signal intensity at the depth defined in Fig. 2(a),
in which the intensity is defined as the square of the signal
amplitude after baseband demodulation. The intensities in
Fig. 2(a) and (b) are normalized such that the peak value
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is one. In this case, a peak is found in the first few samples
and hence the flow samples can be used. Fig. 2(c) corre-
sponds to the original Doppler signal. The extrapolated
Doppler signals using the first eight samples are shown in
Fig. 2(d). Tt is expected that the data selection process can
effectively select valid Doppler samples and reduce inter-
ference from multiple scatterers. This study uses —6 dB
bandwidths of the Doppler spectra in (3).

I1I. RESULTS ON SIMULATED DATA

To test the proposed approach, simulated data were
generated using the model developed by Kerr and Hunt
[18], [19]. The model takes into account both amplitude
and temporal responses from a given transducer geometry.
The acoustic response of each scatterer is calculated using
the acoustic impulse response method. In other words, the
transducer output V (¢) can be expressed as:

V() =¢&- P.(t) * h, (T, t) * hy (7, 1), (7

where £ is a constant and # is the convolution operator.
The pulse-echo response P,(t) is assumed to be Gaus-
sian, and h. (7,t) and h: (7,t) are the receive and trans-
mit acoustic impulse responses, respectively. The model
assumes that point scatterers are randomly distributed in
a two-dimensional grid.

In the simulations, the transducer was a linear array
with a center frequency of 5 MHz and an aperture size of
19 mm. The sample volume was located at the focal point,
which was 70 mm from the transducer (i.e., F# was 3.7).
The corresponding pulse-echo —6 dB beam width at the
focal point was approximately 1 mm. The sound velocity
was 1540 m/s and the pulse repetition interval was 100 us.
For the AR method, eight original flow samples were ex-
trapolated to 64 samples, which were then Fourier trans-
formed to obtain the Doppler spectrum. The spectrum also
was compared to the spectrum obtained by Fourier trans-
forming 64 original flow samples. The dependence of the
Doppler angle, the aspect ratio, and the flow velocity on
Doppler bandwidth estimates were studied. Both constant
flows and flows with spatially varying velocity were simu-
lated.

The order of the AR model was selected such that the
prediction error (PE) was minimized. The prediction error
is given by:

PE@) = E{(y(n) —g(n p>>2}, ®)

where y(n) is the original data and y(n | p) is an extrapo-
lated data set based on a p-th order AR model. The typical
prediction error as a function of the model order is shown
in Fig. 3. By definition, PE(1) was 100%. The PE(p) curve

shows that the prediction error decreases as the model or-

der increases. Fig. 3 shows that the maximum value of the

prediction error was approximately constant_for orders of
eight and higher, so an eighth-order AR model was chosen
for extrapolation of the data.
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Fig. 3. Relative prediction error as a function of AR model order.

Fig. 4 shows the effects of the aspect ratio on the —6 dB
Doppler bandwidth estimates using the AR method. The
scatterers were assumed to be flowing at constant veloc-
ity, and three aspect ratios were investigated. The Doppler
bandwidth estimates for an aspect ratio of 1 are shown
as the dashed lines. Results for aspect ratios of 3 and 5
are shown as the solid lines with circles and dotted lines,
respectively. The solid lines denote the theoretical values
(i.e., an infinite aspect ratio). Figs. 4(a)—(d) presents re-
sults obtained for velocities of 30, 40, 50, and 60 cm/s,
respectively. For an aspect ratio of 5, the mean errors of
the Doppler angle estimates (from 30° to 75°) with the
four velocities were 2.71°, 1.65°, 1.64°, and 1.61°, respec-
tively. Fig. 4 shows that a good agreement between the
AR method and the theoretical values predicted by (3) was
found at large Doppler angles and high velocities for all val-
ues of the aspect ratio. However, at lower Doppler angles
there was a significant deviation between the predicted and
theoretical values for aspect ratios smaller than 5, suggest-
ing that low values may be inadequate for Doppler angle
estimation. This is due to the fact that, with a small as-
pect ratio, the path length along the flow direction quickly
deviates from the assumed value as the Doppler angle de-
creases from 90° [4]. :

The results from the AR method were compared with
those from the conventional FFT method. The estimates
of the Doppler frequency shift and bandwidth for Doppler
angles between 30° and 75° are shown in Fig. 5. The the-
oretical values, based on (1) and (2), also are shown in
Fig. 5. The flow velocity was 35 cm/s and the aspect ratio
was 5. For each estimate, three sets of Doppler signals from
three different locations within the sample volume were
used based on the selection criteria described in Section 11.
The three estimates then were averaged. The results shown
for the FF'T method were also the average of the three es-
timates from the same locations. Fig. 5 shows that the AR
and FFT methods produce a reasonable agreement with
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Fig. 4. Effects of aspect ratio and flow velocity on Doppler bandwidth estimation: (a) 30 cm/sec, (b) 40 cm/sec, (¢) 50 cm/sec, and
(d) 60 cm/sec. The true Doppler bandwidth is plotted with the solid line, and the estimates for aspect ratios of 1, 3, and 5 are plotted with
a dashed line, a solid line with circles, and a dotted line, respectively.

the theoretical values of both the Doppler bandwidth and
the Doppler frequency shift.

The FFT method requires that the observation time
is longer than the transit time. Therefore, the following
condition must be satisfied:

w

(N—=-1)-PRI > —, 9

v-{ ) 7 siné )

where N is the number of flow samples and PRI is the

pulse repetition interval. Equivalently, (9) can be writ-
ten as:

w
>sint (2 ) =4,
62 sin (U(N - 1)PRI> (10)
where 6. is defined as the critical angle. The Doppler an-
gle must be greater than 6. so that (3) can be applied. For
the AR method, only eight flow samples were used in this

study, with the remaining flow values being obtained by
extrapolation. Thus (10) is no longer applicable. The ef-
fects of the critical angle on the results of the AR method,
the FFT method, and the theoretical values are shown in
Fig. 6. The Doppler angle varied from 20° to 75°. The
flow velocity was constant at 40 cm/s, and the critical an-
gle was 24° according to (10). Fig. 6 shows that at small
Doppler angles the FFT-based method was less accurate
than the AR method. The variable x was set to 1.05 so that
the Doppler bandwidth estimates and the corresponding
Doppler angles could be obtained. The AR method had
an average estimation error of 1.91° and a standard devi-
ation of 1.24°, whereas the FFT method had an average
error of 3.96° and a standard deviation of 5.15°. Fig. 6
also shows that, although the observation time is smaller
than the transit time, extrapolation of the AR method
effectively results in accurate bandwidth estimates, pro-
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vided that proper Doppler signals and a model with a
high-enough order are used. Note that for high Doppler
angles there was a tendency for the angle estimates from
the AR method to deviate far from the theoretical values.
This is due to the projected velocity component along the
wave propagation direction (i.e., v-cos ) being smaller for
larger Doppler angles. Thus the Doppler angle estimates
are more affected because the angle is inversely propor-
tional to the projected velocity based on (3).

The simulations described above were based on con-
stant flows. In practice, the velocity gradient should not
be ignored, and simulations of flows with spatially varying

velocity also were performed. The velocity V, in a vessel
can be expressed by:

Ve[ (2)]

r

(11)

where n is a constant, r is the vessel radius, Vyayx is the
maximum flow velocity, and r; is radial distance relative to
the vessel center. The constant 7 in the flow model was set
to 2, and the maximum flow velocity Vi,ax was 40 cm/s.
The critical angle in this case was 24°. The Doppler an-
gle was estimated using (4) to minimize the effects of the
velocity gradient. The results for Doppler angles from 20°
to 75° are shown in Fig. 7, which includes the theoretical
values obtained from (3). The AR method had an aver-
age estimation error of 2.3° and a standard deviation of
2.52°; the FFT method had an average error of 5.2° and a
standard deviation of 7.65°. As for Fig. 6, the AR method
outperformed the FFT method at smaller Doppler angles.

Both constant flows and flows with spatially varying ve-
locity were studied. The estimation errors for flows with
spatially varying velocity were generally larger than those
for constant flows, indicating that the velocity gradient
associated with a flow had a noticeable impact on the esti-
mation results. The effects of the velocity gradient on the
AR-based Doppler angle estimation method were further
investigated using simulations. In these simulations, three
flows with spatially varying velocities with orders [i.e., n
as defined in (11)] of 2, 3, and 5 were used. The maxi-
mum flow velocity was 40 cm/s, and the Doppler angle
was 30°. A constant flow with the same velocity also was
included. The results are given in Fig. 8, which shows that
the estimation error increases with the order. The esti-
mation error also decreases with the aspect ratio. This is
consistent with the results shown in Fig. 4, despite a larger
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aspect ratio generally producing larger velocity gradients
when the beam width is assumed to be fixed.

IV. RESULTS ON EXPERIMENTAL DATA

Phantom experiments were performed using the exper-
imental system shown in Fig. 9 to investigate the per-
formance of the AR method. The data acquisition sys-
tem consisted of a pulser/receiver (Panametrics 5072PR,
Waltham, MA), and a VXI mainframe computer (Hewlett-
Packard E1401B, Palo Alto, CA) with a 12-bit, 40 Msam-
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TABLE 1
THE DOPPLER ANGLE ESTIMATES OBTAINED USING THE AR
METHOD AND THE FFT METHOD ON EXPERIMENTAL DATA (MEAN
+ ONE STANDARD DEVIATION).

Doppler Angle (°) AR Method (°) FFT Method (°)

33 3.96 + 6.0 384 £ 5.2
45 42.3 + 4.6 41.0 £ 43
54 51.6 £ 7.6 49.6 £ 4.4
60 62.8 £ 5.7 62.2 + 4.5
72 68.6 = 6.4 64.7 £ 3.0

ples/s arbitrary function generator and a 12-bit, 20 Msam-
ples/s A/D converter. The equipment was controlled by
a personal computer via VEE software (Hewlett-Packard,
Palo Alto, CA). The arbitrary function generator was used
to externally trigger the pulser at a pulse repetition inter-
val of 200 us. The returning echoes were amplified, sam-
pled by the A/D converter, and stored for off-line sig-
nal processing. Data analysis and graphic display were
performed on a computer using MATLAB (MathWorks,
Natick, MA). The circular array transducer (Panametrics
V308-SU, Waltham, MA) had a center frequency of 5 MHz
and a fixed focus at 70 mm. The transducer diameter
was 19 mm, which gave a two-way —6 dB beam width at
the focal point of approximately 1 mm. Blood-mimicking
fluid (Shelley Medical Image Technologies, North York,
Ontario, Canada) was used [20]. The flow system com-
prised a tubing pump (Cole-Parmer Model 77201-60, Ver-
non Hills, IL), peroxide-cured silicone tubing (Cole-Parmer
L/S-18, Vernon Hills, IL), a shielded flow meter (Gilmont
Instruments GF-2560, Barrington, IL), and a pulse damper
(Cole-Parmer LC-07596-20, Vernon Hills, IL) that elimi-
nated pulsation in the output flow.

The Doppler angles investigated in this study were 33°,
45°, 54°, 60°, and 72°, with five Doppler data sets being
used at each angle. One valid Doppler signal that satisfied
the criteria described in Section 1T was used for each data
set. The results are shown in Fig. 10. Fig. 10(a) shows the
estimated Doppler angles using the AR method, which had
an average estimation error of 3.6° and a standard devia-
tion ranging from 4.6° to 7.6°. The FFT method shown in
Fig. 10(b) using 64 flow samples had an average error of
4.7° and a standard deviation ranging from 3.0° to 5.2°.
The actual standard deviation and the mean values from
the Doppler angle estimation are listed in Table 1. The ex-
perimental results indicate that no significant differences
in Doppler angle estimation were found between the AR
and FFT methods for these Doppler angles. Table I shows
that the standard deviations on the estimates from the
AR method always are higher than those from the FFT
method, with this difference reaching a factor of 2 for high
angles. A possible reason for this is the extrapolation error
inherent in the AR method.
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Fig. 10. Doppler angles estimated for experimented data using (a) the
AR method and (b) the FFT method. The solid lines are the correct
angle estimates. The error bars represent + one standard deviation
relative to the mean value (“x”).

V. CONCLUSIONS

This paper proposes a new approach for Doppler angle
estimation that requires a small number of flow samples.
An eighth-order AR model was used to extrapolate the
original 8 flow samples to 64 flow samples for spectrum es-
timation. The selection criteria for both the Doppler signal
and the model order had a significant effect on the results
obtained. The results obtained using simulated and exper-
imental data show that the AR method not only accu-
rately estimated the Doppler bandwidth, but it also out-
performed the conventional FFT method at small Doppler
angles. This study shows that real-time, two-dimensional

Tubing Pump  Blood-Mimicking Fluid

Doppler angle estimation is possible using only a small
number of flow samples.

This study only considered constant flows and flows
with spatially varying velocity. With pulsatile or turbu-
lent flows, the transit time spectrum broadening effect
alone does not adequately describe the Doppler band-
width, which certainly affects the accuracy of Doppler an-
gle estimation. For pulsatile flows, the Doppler bandwidth
is affected by the temporal change of the flow velocity.
Thus the AR-based method proposed in this paper is ex-
pected to outperform the conventional FFT method be-
cause the shorter data acquisition time required by the
AR method is less affected by temporal velocity changes.
For turbulent flows, the accuracy of Doppler angle estima-
tion using either method is similarly affected by the flow
velocity changes within the sample volume (i.e., spatial
velocity changes). The efficacy of the AR method in the
presence of pulsatile and turbulent flows will need to be
further evaluated and compared to existing methods.
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