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Doppler Angle Estimation Using Correlation

Pai-Chi Li, Member, IEEE, Chong-Jing Cheng, and Che-Chou Shen

Abstract—Conventional Doppler techniques can only de-
tect the axial component of blood flow. To obtain the trans-
verse flow component, an approach based on the depen-
dence of Doppler bandwidth on Doppler angle has been
widely investigated. To compute the bandwidth, a full
Doppler spectrum is often required. Therefore, this ap-
proach has not been applied to real-time, two-dimensional
Doppler imaging because of the long data acquisition time.
To overcome this problem, a correlation-based method is
proposed. Specifically, variance of the Doppler spectrum is
used to approximate the square of the Doppler bandwidth.
Because variance is computed efficiently and routinely in
correlation-based color Doppler imaging systems, imple-
mentation of this method is straightforward. In addition,
the two-dimensional velocity vector can be calculated and
mapped to different colors using the color mapping function
of current systems. Simulations were performed, and ex-
perimental data were also collected using a string phantom
with the Doppler angle varying from 23° to 82°. Results in-
dicate that the correlation-based method may produce sig-
nificant errors if only a limited number of flow samples are
available. With averaging, however, the Doppler angles es-
timated by the correlation-based method can achieve good
agreement with the true angles by using only four flow sam-
ples with proper variance averaging.

I. INTRODUCTION

THE DoPPLER effect resulting from ultrasound’s inter-
action with moving red blood cells has been used ex-
tensively to determine blood flow velocity. A major prob-
lem of Doppler techniques is that only the axial flow com-
ponent can be detected. The projection of the velocity vec-
tor onto the transverse direction does not produce Doppler
shift. Therefore, transverse flows are undetectable through
the Doppler shift only. To obtain two- or three-dimensional
flow information, a number of techniques have been pro-
posed [1]-[10].

One approach is the speckle tracking method [1]-[3].
This method relies on the assumption that speckle trans-
lation closely reflects target translation at small displace-
ments. Hence, the two-dimensional velocity vector can be
found by tracking the speckle patterns from consecutive B-
mode images. However, because the speckle patterns are
more decorrelated at larger translations, rapid image ac-
quisition is necessary, and the performance of this method
is limited. In addition, this method requires a large number
of real-time computations.

Another approach for two-dimensional flow estimation
is to use two beams crossing each other in the region of
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interest [4]. These beams originate from different positions
of the transducer, producing different Doppler angles. The
axial velocity components from the two measurements are
then combined with geometric relationships to obtain the
two-dimensional velocity vector. To achieve adequate accu-
racy, the angle between the beams needs to be sufficiently
large. Therefore, a large transducer is required, making
this method inappropriate for cardiac applications. More-
over, the need to produce simultaneous beams increases
system complexity. Another multi-beam approach was also
explored for three-dimensional flow estimation [5], [6]. This
method utilizes three parallel and closely spaced beams. As
scatterers move across beams, the three-dimensional veloc-
ity vector can be calculated by correlating signals from the
three beams. Success of this technique is determined by the
ability to produce beams with desired characteristics, such
as beam width, beam spacing, focal distance, and depth
of field [5], [6].

The transverse flow velocity component can also be
found using the Doppler bandwidth [7]-[10]. Assuming
negligible velocity variation within the sample volume
and sufficient velocity resolution, it was shown that the
Doppler bandwidth is inversely proportional to the transit
time of a scatterer crossing the ultrasound beam in the
focus of a transducer [11]. This is also known as the tran-
sit time spectrum broadening effect. Equivalently, Doppler
spectrum broadening can also be attributed to the geomet-
rical spectrum broadening effect caused by scatterers in
the sample volume, which produce a range of Doppler an-
gles. In both cases, the Doppler bandwidth may vary with
the flow angle. Therefore, it is possible to calculate the
transverse flow component given the Doppler bandwidth
and ultrasound beam geometry. To estimate the Doppler
bandwidth accurately, however, a complete Doppler spec-
trum is often required. In other words, this method is only
suitable for spectral Doppler modes such as pulsed wave
(PW) Doppler and continuous wave (CW) Doppler. Con-
sequently, the Doppler angle can only be estimated in the
region of interest. For real-time, two-dimensional Doppler
angle estimation, efficient estimation of the Doppler band-
width is necessary.

In this paper, a correlation-based method for Doppler
angle estimation is proposed. Instead of calculating the
Doppler bandwidth based on a complete spectrum, vari-
ance of the spectrum is used to approximate the square
of the Doppler bandwidth. Because variance is calcu-
lated routinely in correlation-based color Doppler imag-
ing systems, implementation of this approach is straight-
forward. In addition, calculation and display of the two-
dimensional velocity vector can be implemented using a
two-dimensional look-up table. Such a mapping function
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already exists in current color Doppler imaging systems.
Therefore, real-time flow imaging with automatic angle
correction only requires minimum modifications to current
commercial ultrasonic imaging systems.

The paper is organized as follows. Section II describes
principles of the correlation-based method. Dependence of
the Doppler bandwidth on the Doppler angle is also dis-
cussed. In Section III, simulation results, assuming a single
scatterer, are presented. Doppler bandwidths derived from

complete spectra are also compared with variance values:

obtained from the correlation processing. In Section IV,
performance of this method is investigated with experi-
mental data using a string phantom. The paper concludes
in Section V with a discussion on system implementation
issues and potential limitations.

1I. CORRELATION-BASED DOPPLER ANGLE
ESTIMATION

Analysis of the transit time spectrum broadening effect
is based on the following assumptions. First, flow turbu-
lence and velocity gradient are negligible. Hence, they do
not contribute to spectral broadening. Second, frequency
resolution of the spectral estimator is sufficient such that
the spectrum broadening effect can be measured accu-
rately. For example, if N-point discrete Fourier transfor-
mation is used to. calculate the Doppler spectrum, the
frequency resolution is roughly 1/N of the pulse repeti-
tion frequency (PRF). As a result, the transit time effect
cannot be observed correctly if the Doppler bandwidth is
smaller than PRF/N. The third assumption is that the
transit time is governed by the ultrasound beam width in-
stead of the range cell length. As illustrated in Fig. 1, this
assumption is valid when the beam width w is consider-
ably smaller than the range cell length /. In other words,
the aspect ratio, defined as {/w, must be sufficiently large.
Under these assumptions, the transit time i, through the
ultrasound beam in the focus is

w

(1)

where v is the singlé—valued flow ‘}elocity and § .is the
Doppler angle. Because the Doppler bandwidth bw is in-
versely proportional to the transit time, we have

tyr = -
" v-sinf

bw:k‘v-sme

(2)
where k is-,a scaling fabtor related to the thresholds used
to define bw and w. By combining bandwidth bw with the
axial velocity component v - cos 8, we obtain

bw k

= —t .
v-cosf w anf 3)

Therefore, given a Doppler spectrum and ultrasound beam
geometry, the Doppler angle 6 can be found by

\_ 1 w - bw ‘
0 = tan (k~v-cosl9>' “)
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Apparently, accuracy of Doppler angle estimation is de-
termined by accuracy of the spectral estimator. In spec-
tral Doppler modes (i.e., PW and CW), the fast Fourier
transformation (FFT)-based spectral estimator typically
is used to derive the Doppler spectrum. In this case, the
axial velocity component v - cos# and bandwidth bw can
be readily obtained. However, the spectral Doppler modes
only assess flow information within the Doppler gate or
along a particular direction. Thus, the Doppler angle can
only be estimated in a particular region of interest. For
real-time two-dimensional Doppler angle estimation, alter-
native spectral estimation methods are required.

Another spectral estimation method commonly used in
medical ultrasound is the correlation-based method for
color Doppler imaging [12]. Instead of deriving complete
Doppler spectra, this method only calculates specific spec-
tral parameters, such as mean velocity and spectral vari-
ance. Nevertheless, the Doppler angle @ can still be found
based on (4) using variance to approximate the square of
the Doppler bandwidth. Note that the correlation-based
method requires fewer samples for the estimation, thus
making it suitable for real-time, two-dimensional velocity
vector estimation. In addition, because the two parameters
are routinely calculated, implementation of Doppler angle
estimation is straightforward.

Let P(w) represent a Doppler power spectrum, the spec-
tral variance o2 is defined as

}o (w — @)? P(w) dw
ol == (5)
| Plw)dw

—0o0

where @ is the mean Doppler angular frequency [12]. As-
suming P(w) is a Gaussian function, i.e.,

P(w) = (5’ (6)

where o, correspondsA to the —6.82-dB Doppler band-
width, it is straightforward to obtain

2_ 95

Al w (7)
Therefore, variance is linearly proportional to the square of
the —6.82-dB bandwidth of a Gaussian power spectrum.
Of course, real physiological flows are unlikely to be ex-
actly Gaussian distributed. Nevertheless, it is still reason-
able to use spectral variance as an effective measure of the
Doppler bandwidth. This hypothesis will be tested using
both simulations and experimental data.

The following derivation of correlation-based variance
calculation follows the descriptions in [12]. Assuming S(t)
is the received Doppler signal, the auto-correlation func-
tion R(t) of S(t) is defined as

R(t) = / S*(t + 7)S(r)dr (8)
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Fig. 1. Schematic representation of Doppler angle and sample volume geometry.

where * represents the complex conjugate. Based on the
Wiener-Khinchin theorem, the mean Doppler angular fre-
quency @ is

- —L wP(w)dw R(0)
w=— —J (9)
I P(w)dw ()

where R/ (0) is the first-order differential of R(t) evaluated
at t = 0. The variance, on the other hand, can be approx-
IR(T)I}

imated by
20 2 (1
7 T R(0)

where T denotes the emission interval of ultrasound pulses
(i.e., PRF = 1/T).

In pulsed Doppler modes (i.e., PW and color Doppler),
(8) needs to be modified. First, the continuous signal S(t)
is sampled at PRF. Second, R(t) can be calculated based
on a finite number of samples only. Assuming the number
of available samples is N, R(0) and R(T) are typically
approximated by an unbiased Blackman-Tukey estimator
with the following forms:

(10)

Zs*(z )S(i - T), (11)
1 N-1 .
R(T) = Zs ((i+1)-T)SG-T).
(12)

Unfortunately, this estimator may lead to a negative vari-
ance value because the unbiased sequence does not guaran-

tee a positive semidefinite sequence [13]. To ensure positive
variance values, an alternative estimator for R(0) is used:

N-1
R0)= 37—y 2 (186 T +15 6+ DF]

(13)

By combining (10) and (13), it is straightforward to verify
that o2 is always positive.

Because the correlation-based method typically uses a
smaller number of samples, estimation errors may be sig-
nificant and are likely to affect the accuracy of bandwidth
estimation. In addition, the frequency resolution is also
degraded and may be insufficient to measure the spec-
trum broadening effect. To reduce such errors, variance
estimates may be averaged ‘spatially, temporally, or both.
Assuming that the flow angle does not vary significantly in
the image plane, neighboring variance estimates can be av-
eraged to compute the Doppler bandwidth. Alternatively,
temporal averaging can be performed, assuming that the
flow characteristics remain relatively constant temporally.
Efficacy of averaging will be verified experimentally.

III. SINGLE SCATTERER SIMULATIONS

The previous analysis assumed that the Doppler band-
width is related directly to transit time. However, if the
observation time [i.e., (N —1)*T] is smaller than the tran-
sit time, dependence of the Doppler bandwidth on the
Doppler angle no longer exists. In other words, if the dis-
tance that sound scatterers travel during the observation
time is smaller than the path length along the flow di-
rection (i.e., w/sin ), Doppler bandwidth will be linearly
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proportional to the inverse of the observation time, instead
of the transit time. Therefore, the following condition must
be satisfied to apply (4):

w
. — . l > —_—
ve(N-1) sin (14)

Equivalently,

w
. 9>

TN T (13

Another critical issue is the aspect ratio. Ideally, | needs
to approach infinity so that (1) is valid at all Doppler an-
gles. However, it is practically impossible to have an infi-
nite range cell length. In pulsed Doppler modes, [ is finite
because it is the combination of the length of the trans-
mitted burst and the Doppler gate. In CW Doppler, [ is
also finite determined by attenuation, the intersection of
transmit and receive beams, and the overlap of the ultra-
sound beam and the blood vessel. Thus, applicability of
(1) is limited further because w/sinf may be larger than
[ at small Doppler angles. As a rule of thumb, a critical
angle 8. can be defined for large aspect ratios:

1
bo=sin (L) =sin (—L ). q
st (l) - aspect ratio (16)

The Doppler angle must be greater than 6, to be estimated
based on (4). Note that practically the critical angle is
larger than sin™!(w/l) because the shape of the sample
volume is not rectangular. Moreover, for sample volumes
with an aspect ratio close to 1, the path length quickly be-
comes smaller than w/ sin € as the Doppler angle decreases
from 90°. Therefore, (16) becomes inapplicable [14], [15].

Dependence of the Doppler bandwidth on the Doppler
angle, aspect ratio, and flow velocity is studied using sim-
ulations. The simulation method is similar to the one de-
scribed in [16] and [17]. The simulation model assumes
point scatterers randomly positioned in three-dimensional
space. Geometry and diffraction effects of the transducer
are also included. In all simulations, a single scatterer is as-
sumed. In addition, the transducer has a center frequency
of 5 MHz and an aperture size of 1 cm. The sample vol-
ume is located at the focal point, which is 2 cm away from
the transducer. The —6-dB beam width is 0.54 mm, and
the range cell length [ is set depending on aspect ratio
requirements. The sound propagation speed is 1540 m/s.

Effects of the aspect ratio on the —10-dB Doppler band-
width are shown in Fig. 2. Doppler spectra are derived
using 64-point FFT with a Hamming window, and the
scatterer velocity is 60 cm/s. Three aspect ratios are in-
vestigated. Doppler bandwidths as a function of sin § with
an aspect ratio of 1 are shown as the dashed line. Results
of aspect ratios of 2 and 5 are shown as the dot-dashed line
and the solid line, respectively. Finally, the dotted line de-
notes the ideal linear relationship between the bandwidth
and sin 6.

For a ratio of 1, the sample volume becomes circu-
lar. Thus, Doppler bandwidth is relatively constant be-
cause the transit time does not change as a function
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Fig. 2. Effects of aspect ratio on Doppler bandwidth.

of the Doppler angle. For a ratio of 5, the relationship
between bandwidth and siné is approximately linear at
larger Doppler angles. At smaller angles, however, the lin-
ear relationship is not consistent because (2) becomes in-
valid. Because of the elliptical shape of the sample volume,
the linear region starts from an angle larger than the crit-
ical angle defined by (16) [i.e., sin"*(1/5)]. For a ratio of
2, dependence of the Doppler bandwidth on sin @ is signif-
icantly different from the ideal case denoted by the dotted
line. This is due to the fact that, with a small aspect ra-
tio and an elliptical sample volume, the path length along
the flow direction quickly deviates from w/siné as the
Doppler angle decreases from 90°. Thus, Fig. 2 indicates
that an aspect ratio < 5 may be inadequate for Doppler
angle estimation under most imaging situations.

Dependence of the Doppler bandwidth on the scatterer
velocity is shown in Fig. 3. In all cases, the aspect ratio
is 5. The three curves correspond to scatterer velocities at
60, 40, and 20 cm/s (from top to bottom). It is shown that,
as the velocity increases, the critical angle decreases, and
the slope in the linear region increases.

The correlation-based method is also compared with the
FFT-based method. In Fig. 4, the dashed line shows —6.82-
dB bandwidths obtained from the FFT method, and the
solid line shows bandwidths estimated using the variance
based on (7) and (10) (i.e., bw = v/2mo). The number of
samples is 64 in both cases for comparison purposes. Note
that the typical number of samples used in correlation-
based imaging systems is between 4 and 12. Generally,
the two methods have good agreement even though the
Doppler spectrum is non-Gaussian. Therefore, the valid-
ity of using variance to measure the Doppler bandwidth
is verified, assuming the same number of samples is used.
Efficacy of the correlation-based method with a smaller
number of samples will be discussed in the subsequent sec-
tions.
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Fig. 4. Comparison of the FFT-based method to the correlation-
based method.

IV. EXPERIMENTAL RESULTS

The correlation-based method was applied to string
phantom data as an empirical proof of concept. A block
diagram of the experiment system is shown in Fig. 5.
The data acquisition system consisted of a pulser/receiver
(5072PR, Panametrics, Massachusetts) and a VXI main-
frame (Hewlett-Packard, California) with a 12-bit, 40-
Msamples/s arbitrary function generator and a 12-bit,
20-Msamples/s A/D converter. The equipment was con-
trolled by a personal computer via VEE software (Hewlett-
Packard). The arbitrary function generator was used to
trigger the pulser externally with a pulse emission inter-
val of 180 us. After the returning echoes were amplified,
the radio frequency (RF) signals were then sampled by the
A /D converter and stored for off-line signal processing.
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The transducer (V308-SU, Panametrics) had a center
frequency of 5 MHz and a fixed focus at 70 mm. Diameter
of the transducer was 19 mm, making the two-way, —6-dB
beamwidth about 1 mm at the focal point.

The principles derived assume that the flow velocity
throughout the sample volume is single valued. A string
phantom was designed to meet this requirement. Flow was
simulated by moving the string, which was made of a strap
with a diameter of 5 mm. The strap was knotted into a
loop and driven by pulleys 2 and 3. Note that a thick
strap, instead of a thin thread, was used to mimic uniform
motion of multiple scatterers. As shown in Fig. 5, pulley
1 was driven by a DC motor, and a string loop connect-
ing pulleys 1 and 2 acted as a drive belt. Another string
loop was connected between pulleys 2 and 3, and the up-
per portion of the string intersected with the ultrasound
beam at the focal point of the transducer. The three pul-
leys were mounted on a plastic frame, and the Doppler an-
gle was adjusted by changing positions of pulleys 2 and 3.
The Doppler angles used in this paper were 23°, 38°, 44°,
62°, 71°, and 81°. The average string speed was around
35 cm/s. It was calculated by dividing the string length
by the elapsed time for the string to travel a complete
circle.

The receiver gate length was 7.5 mm, thus producing an
aspect ratio of 7.5. With 64-point FFT for spectral anal-
ysis, the aspect ratio, PRF, and the string speed ensured
that (4) was applicable for all Doppler angles used in the
experiments.

During data collection, the instantaneous string velocity
deviated from the average velocity because the speed of the
DC motor was not constant. The solid line in Fig. 6 shows
the measured instantaneous string velocity (projected onto
the beam direction) as a function of time. The dashed line
is the average velocity at about 25 cm/s. Such velocity
variation increases the Doppler bandwidth and must be
removed for accurate Doppler angle estimation.

Instantaneous string velocity can be calculated by mea-
suring the differential phase between two consecutive sig-
nals. Let 6; denote the phase difference between the ith
and the ¢ — 1th signals, i.e.,

1 [Im[S*(-T)-S(GE—1)-T))
0; = tan .
{ } (17)

Re[S*(0-T)-8((i—1) 1)

The instantaneous string velocity v; can be found by

A
; Uy = 01' . 471‘—T
where A is the wavelength of the carrier. Note that (17) is
only defined for ¢ = 2,..., N. The starting phase 6 is set
to zero.
The average velocity 7 is related to the linear compo-
nent of the unwrapped phase across N signals. In other
words,

(18)

(19)

N
1 A
v= N—1,§9’“(2ﬁ)'
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Fig. 5. Block diagram of the experimental set-up.
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Fig. 6. Measured instantaneous string velocity.

By removing the linear component, the phase error Af;
can be defined as

i . N
1—1
AGi=) Ox— v ( 0k> ; (20)
k=1 k=1
and the velocity variation Av; is
Av; = AY; - A (21)
7

String velocity variation can be corrected by removing Ag;.
In other words, the Doppler bandwidth is calculated based
on a new signal defined as
S -T)=8(-T) e I8% (22)
where 5’(1 -T) is simply a phase-rotated version of S( -
T). Note that the phase correction scheme described here
is similar to the scheme developed for correcting sound
velocity inhomogeneities (18], [19].
Fig. 7 shows spectra with (solid) and without (dashed)
the removal of velocity variation. Clearly, velocity varia-
tion increases the Doppler bandwidth and may produce

control and data

processing

of Doppler Spectra

corrected
uncorrected

Magnitude (dB)
L
o

30
Velocity (cm/sec)

Fig. 7. Doppler spectra with (solid) and without (dashed) velocity
variation correction. (

significant errors in Doppler angle estimation. The results
shown in the rest of this section are all with string velocity
variation correction.

Fig. 8 compares string phantom measurements with
true Doppler angles. The solid line represents the tangent
of the true Doppler angle at six string positions, and the
solid line with circles denotes the tangent of the measured
angle. A 64-point FFT with a Hamming window was used
to derive the —6.82-dB bandwidths, and the & value de-
scribed in (4) was empirically set to 11. The good agree-
ment indicates that velocity variation is removed success-
fully. Furthermore, efficacy of the Doppler angle estimation
scheme is verified. Fig. 9 shows —10-dB bandwidths from
the same data with &k set to 13.5. Although the estima-
tion error slightly increases at larger Doppler angles, good
overall conformance is still achieved. Note that the exper-
iments were performed in the focal point, the phase error
may also depend on'the phase field distribution if out of
focus [11], [20].

Results of the correlation-based method are shown in
Fig. 10. Four flow samples (i.e., N = 4) with nine-point
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Fig. 8. Measured Doppler angles (solid with circles) vs. true Doppler
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Fig. 9. Measured Doppler angles (solid with circles) vs. true Doppler
angles (solid): —10-dB bandwidth.

averaging were used in all cases. According to (7), vari-
ance is linearly proportional to the square of the —6.82-
dB bandwidth. Therefore, k was set to 11 such that it is
consistent with the —6.82-dB results shown in Fig. 8. Note
that averaging was performed on variance estimates from
consecutive firings. In other words, 36 consecutive samples
were used to derive nine variance estimates at each angle.
Strictly speaking, this is different from both temporal av-
eraging and spatial averaging in real imaging situations.
Nevertheless, efficacy of estimation error reduction can still
be tested using the current averaging scheme. Results with
averaging are shown in Fig. 10 as the solid line with circles.
Compared with the actual values shown as the solid line,
conformance is good except at smaller Doppler angles. The

Doppler Angles
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Fig. 10. Measured Doppler angles (solid with circles) vs. true Doppler
angles (solid): correlation.
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Fig. 11. Measured Doppler angles (solid with circles) vs. true Doppler
angles (dashed): correlation.

nonconformance at smaller angles may be due to the fact
that the effective number of samples is reduced from 64
for the FFT-based method to 36 for the correlation-based
method. Therefore, the observation time becomes smaller
than the transit time at smaller Doppler angles.

Without averaging, the estimated Doppler angles us-
ing only four samples are significantly different from the
true angles. The reason for the nonconformance is twofold.
First, estimation errors increase with fewer samples. Sec-
ond, the observation time is smaller than the transit time
at all angles. Therefore, the bandwidth is determined by
the observation time instead of the transit time. Results
without averaging are not shown because of significant er-
rors. Note that averaging may not be required if the num-
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ber of samples is sufficiently large. As long as the observa-
tion time is larger than the transit time, the correlation-
based results should have good agreement with the FFT-
based results as indicated by Fig. 4. Fig. 11 illustrates the
same results as in Fig. 10 with a different format. In this
case, the estimated angles (denoted by the solid line with
circles) are compared with the actual angles (denoted by
the dashed line). Again, good conformance is achieved ex-
cept for smaller angles.

V. DiscussiON AND CONCLUDING REMARKS

In this paper, issues regarding Doppler angle estima-
tion using the transit time spectrum broadening effect are
discussed. Performance of the correlation-based method is
also evaluated. The results suggest a possible system im-
plementation scheme as shown in Fig. 12. Input data of
the Doppler angle estimation system are complex base-
band image data after receive beam formation. The data
are stored in a buffer prior to the application of a wall
filter to remove stationary and slow-moving signals. The
flow velocity variation is then estimated and removed by
rotating the phase of the baseband data. Note that, al-
though this block is used to remove the velocity variation
caused by motor inconsistency in this study, the approach
proposed in this paper can be applied to any temporal ve-
locity variation, such as the variation in a heart cycle. The
phase-rotated data are sent to the correlator for mean ve-
locity and variance estimation. To reduce estimation errors
and to increase the effective observation time, the variance
data are then temporally and/or spatially averaged be-
fore being combined with the velocity estimates. With the
two-dimensional look-up table, the Doppler angle is calcu-
lated, and two-dimensional velocity vector information is
encoded in color. Note that calculations for Doppler angle
estimation, such as those described by (4), can be easily
integrated into the look-up table. Therefore, the proposed
architecture is efficient and only requires minimum modifi-
cations to current correlation-based Doppler imaging sys-
tems.

The transit time spectral broadening effect can be mea-
sured only if the observation time is longer than the tran-
sit time. It has been shown that the observation time can
be increased by averaging the variance estimates obtained
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from consecutive firings. In this case, M-point averaging
approximately increases the observation time by M times.
The spatial and temporal averaging schemes depicted in
Fig. 12, however, are different from the averaging scheme
used in Fig. 10. For temporal averaging, the time interval
between two consecutive variance estimates becomes the
time required to acquire an image frame. For spatial aver-
aging, on the other hand, the variance estimates are from
different sample volumes. Although averaging can still be
used to reduce estimation errors in both cases, efficacy of
increasing the observation time by averaging may be sig-
nificantly affected. Details of potential performance degra-
dation and possible solutions are currently beingrexplored.

A high aspect ratio is required to produce a small crit-
ical angle. On the other hand, a constant velocity within
the sample volume is also required. Although these two re-
quirements appear to contradict each other, both require-
ments can be satisfied by employing a summing scheme
and correcting for the axial velocity variations. In this case,
a short pulse is transmitted, producing a small sample vol-
ume. Thus, velocity variations within the sample volume
can be minimized, and flow velocity within adjacent range
cells can be independently estimated. After the velocity
differences are calculated and removed, signals from ad-
jacent range cells can be summed together to produce a
longer sample volume. Hence, it effectively increases the
aspect ratio without violating the constant flow assump-
tion if the beam width is fixed. Assuming the flow direction
does not change significantly in the neighboring region, ad-
verse impact of the summing scheme is minimal.

To reduce system complexity, it is desired to have a
fixed gate length regardless of the location of the sample
volume. On the other hand, a fixed aspect ratio is also
helpful for the interpretation of the final image. Conse-
quently, a uniform beam width is required if a fixed gate
length and a fixed aspect ratio are both necessary. Because
current digital array imaging systems dynamically focus
on receive, the uniform beam width requirement necessi-
tates a large depth of field of the transmit beam. Hence,
dynamic transmit focusing schemes, such as nondiffract-
ing beams [21] and retrospective transmit focusing [22],
are of particular interest for the real-time, two-dimensional
Doppler angle estimation described in this paper. In ad-
dition, such schemes may reduce effects of the phase field
distribution on Doppler bandwidth [11], [20]. If uniform
beamwidth cannot be achieved, the summing scheme is
advantageous because it offers a flexible control of the as-
pect ratio throughout the image.

Finally, the transverse flow estimation has been re-
stricted to single-valued flows within the sample volume.
Success of this method on turbulent flows or flows with
non-negligible velocity gradient has not been reported in
the literature. To address this issue, the velocity varia-
tion correction scheme described in this paper is currently
being explored on time-varying and turbulent flows. In ad-
dition, effects of the summing scheme on flows with spatial
velocity variation are also being investigated.
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