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Abstract—A new approach to spectrum analysis, which is capable of suppressing velocity ambiguity in
pulsed-wave ultrasonic Doppler, is presented. By simultaneous processing of several data samples from a
range in depth, the movement of the scatterers along the ultrasonic beam can be tracked from pulse to
pulse for each velocity component in the spectrum. In this way the correlation length of the signal component
arising from a specific velocity increases when that velocity matches the expected velocity. The resulting
velocily/time spectral display shows a more clearly defined spectral envelope of the maximum velocity than
with conventional methods based on the discrete Fourier transform of the Doppler signal. This makes it
possible to delineate velocity waveforms with peak velocity up to several times the Nyquist limit. Experimen-
tal data from human subclavian and aortic arteries are presented, where the new method is compared to

conventional spectrum analysis.
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INTRODUCTION

Spectrum analysis based on the modified periodogram
method (Oppenheim and Schafer 1975), as well as
parametric spectrum estimation algorithms, have been
the commonly used methods for generating velocity/
time waveforms in ultrasound Doppler blood flow
measurements. With this technique, moderate fre-
quency aliasing can be compensated for by baseline
shift, as long as the maximum frequency shift is lower

than two times the Nyquist limit. In principle, a

smoothly varying velocity curve can be followed

through several ‘‘wraparounds’ by stacking several

equal sonograms at the top of each other (Tinuma 1984,

Kristoffersen 1984). Two factors limit the use of this

technigue:

1. The transit-time effect due to limited pulse length
increases the spectral bandwidth which destroys the
spectral envelope for high velocities.

2. The high-pass filter used for wall motion rejection
blanks out the spectrum in an area close to each
multiple of the sampling frequency.
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Several different methods have been proposed for re-
solving velocity ambiguity arising in pulsed-wave
Doppler measurements. Bonnefous and Pesque ( 1986)
estimated pulse-to-pulse time shift by searching for the
shift which gave maximum correlation berween two
consecutive radiofrequency (RF) echo signals. This
method gives a good estimate of blood flow velocity
when the velocity distribution is narrow, and velocity
ambiguity can be resolved when the pulse bandwidth
is sufficiently high.

Another approach was used by Ferrara and Algazi
(1991, 1992). From a stochastic model of the signal
from a point scatterer, a maximum likelihood estimator
for the velocity was derived. The velocity likelihood
function used in their **point target ML estimator’” is
based on the same principles as the method presented
in this work. A similar approach has been taken by
Wilson (1991), in which a matched filter for each
velocity is found by integrating the received RF data
along straight lines in the depth/time plane. He shows
that this is equivalent to an integration along a straight
line in the two-dimensional (2D) Fourier plane,

The methods listed above give only the mean ve-
locity and the velocity spread, which is what is needed
for color flow imaging display. However, quantitative
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velocity information, like the spatial maximum veloc-
ity, cannot be obtained in this way, unless the velocity
ficld is constant through the entire sample volume.
Doppler spectrum analysis with a velocity—time dis-
play has proven to be the most robust and accurate way
of presenting quantitative blood velocity information.

In this article, a method which suppresses fre-
quency aliasing in the Doppler spectrum velocity—time
display is presented. First, a review of a signal model
is given, which characterizes the signal by a 2D power
spectrum. Then the new spectrum algorithm is de-
scribed, including its interpretation in the 2D Fourier
plane. The method is denoted **velocity matched spec-
trum”’ (VM spectrum), since the spectral window
matches the 2D spectrum for each blood velocity com-
ponent. The performance of the VM-spectrum estima-
tor is analyzed theoretically, showing suppression of
side lobes and grating lobes compared to the conven-
tional spectral estimator. Experimental results are
shown, in which the algorithm is applied to recorded
ultrasonic RF data from human arteries.

SIGNAL MODEL

The presented method for spectrum analysis uti-
lizes the correlation in the signal between samples in
depth over time caused by the movementof the blood
scatterers. Therefore, a signal model which includes
correlation both in range and time (between consecu-
tive pulses) is useful in describing its properties. Simi-
lar models have been presented by a number of authors
(Angelsen 1980; Mo and Cobbold 1992; Wilson
1991). Here, the model description is taken from a
previous work (Torp et al. 1994), in which the re-
ceived signal after complex demodulation and low-
pass filtering is described as a 2D complex Gaussian
process x(t, k). In this notation, ¢ is the elapsed time
from pulse transmission, k, corresponding to a depth

c ; . i .
range,r = _1. In a practical implementation, the signal

in digital form is only available for discrete samples in
range. Conventional pulsed Doppler algorithms require
only one range sample for each transmitted pulse,
whereas the velocity matched algorithm uses a number
of samples over a certain depth range. The receiver
bandwidth is in most cases matched to the bandwidth
of the transmitted pulse to limit thermal noise without
increasing the sample volume in the radial direction.
If the signal is sampled with a frequency higher than
twice the bandwidth, any value in between can be
found by interpolation. In the following analysis, the
signal is assumed to be a continuous function of 7, the
elapsed time after pulse transmission. As a complex
Gaussian process, the signal is completely character-
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ized by its autocorrelation function, or the power spec-
trum, defined as

Rir,m)={x(s,ky*ex(t + .k +m)) (1)

The autocorrelation function in egn (1) is defined by
the statistical ensemble average of the signal product.
In a practical estimator, ensemble averaging must he
replaced by radial and/or temporal { pulse-to-pulse )
averaging, to reduce variance.

In some of the expressions below, it is more con-
venient to use the complex pre-envelope of the re-
ceived signal x,(r, k) = x(t, k)e™", where w, is the
angular demodulation frequency. The autocorrelation
function, and the corresponding power spectrum for
the complex pre-envelope signal, is given by

R, (7, m) = (x,(1, k)*x,(1 + T, k+ m))

= R.(T, me™

Glwy, wa) = 3, I drR, (T, m)etiTe™™ (1)

Note that the power spectrum is defined in the usual
way as the 2D Fourier transform of the autocorrelation
function. Due to the sampled nature of the Doppler
signal, the power spectrum G{w,, w) is periodic in
the w, variable, and may therefore be written as a
sum of copies of the nonaliased part Go(w,, w2), with
distances equal to the angular pulse repetition fre-
quency 2m/T. The pulse repetition period is T.

G{wll L“‘"E] i3 EG"(“-‘IH W'z +n E'Fw)

"

Golwy, wy) = j dm I drR. (T, mye'i'e" ™ (3)

The autocorrelation function is determined by the point
echo response from blood, s(1) (including frequency-
dependent attenuation and scatiering), and the trans-
versal two-way beam sensitivity function, b(d), where
d is the distance from the ultrasonic beam center axis.
If the blood velocity field is stationary and uniform,
the autocorrelation function takes on the form

R, (T, mv,v) = sal T — mé, ) ba(v,Tm)
8§, =—— i4)

where v, and v, are the velocity components in the radial
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Fig. 1. The 2D spectrum of a blood flow signal including low frequency components from vessel walls, and
thermal receiver noise. To the right the measured 2D spectrum of a signal from a normal human artery is shown.

{along the ultrasonic beam) and lateral (transversal to
the ultrasonic beam) direction. Subscripts s, and b,
indicate short notation for the autocorrelation operator
applied to s and b, respectively: Tis the pulse repetition
period, and ¢ is the speed of sound. The radial velocity
component causes a change in arrival time from pulse
to pulse, denoted &,. The minus sign in eqn (2) is due
to the convention that positive velocity suggests *“in
the direction of " the transducer.

The nonaliased part of the spectrum Gy(w,, wy)
is obtained by combining eqns (3) and (4)

Golwh, ws)

* |s-:w]1:'-'-|..=3r(l (w; . w)) | (5)
v, ¢

where S(w, ) and B(w,) are the Fourier transforms of
s and b, respectively. The frequency response S{w, )
limits the spectral bandwidth in the w, direction. The
argument of B is zero along a straight line through
the ongin in the (w,, w;) plane, which represenis the
Doppler shift equation. Since B is a low-pass function,
the spectral energy is concentrated along this line, and
the bandwidth in the w.-direction is proportional to the
lateral velocity component. In a general nonuniform
velocity field, the signal power spectrum can be ob-
tained by integrating the spectrum in egn ( 5) over the
velocity distribution inside the ultrasonic beam.

In Fig. 1, the 2D power spectrum is shown for

ultrasound RF signals from a human artery, comprising
the vessel wall signal with low Doppler shift, blood
signal with Doppler shift equal to the pulse repetition
frequency and thermal noise from the receiver front-
end. MNote that the spectral components for blood can
be clearly distinguished from the vessel wall signal,
although the mean Doppler frequency shift is close to
zero for both signal components.

ESTIMATE OF THE VELOCITY SPECTRUM

The 2D power spectrum display in Fig. 1 can be
used for quantitative velocity measurements by measur-
ing the slope of a straight line through the origin, manu-
ally drawn to fit the spectrum. This will give the velocity
al one lime instant, but it is not a practical method to
construct velocity—time graphs. By integrating the 2D
power spectrum along lines through the origin for a num-
ber of predefined velocity values, a velocity spectrum
with suppressed aliasing can be constructed. An algo-
rithm based on this principle has been proposed by Wil-
son { 1991 ). It turns out that this is equivalent to summa-
tion of the signal along skewed lines in the range/time
plane, where the slope is chosen to follow the movement
of the scatterers along the ultrasonic beam for each veloc-
ity in the spectrum. When the slope matches the actual
velocity, the received echoes will match both in phase
and amplitude, giving a peak in the spectrum at the actual
velocity value. This principle is illustrated in Fig. 2. The
velocity spectrum p(v) can be calculated from the pre-
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Fig. 2. The VM spectrum is obtained by a summation of the

RF pre-envelope signal along skewed lines in time (or pulse

no.) and depth range. The resulling spectrum is shown to
the right.

envelope, x,(f, k), or from the complex (base-band)
envelope, x(t, k). The comesponding expression for a
conventional spectrum, based on the modified periodo-
gram method, is denoted p., (v)

plv) = |2 wik)x,(to + k&, ko + k}|_
i

2

2 wik)x(t, + kb, ko + k)e™d

Pooa V) =

E wik)x,(th. ko + ket |F

&

2
E wik)x(ty. ky + k}f“"u|

k
§=2TZ (6)

Here, w(k) denotes the window function, which may
be a rectangular or a smooth window ( Hanning, Ham-
ming, etc. ). Note that the conventional spectrum esti-
mator uses only one sample in the range direction,
whereas the velocity maiched (VM) spectrum uses
several samples over a depth range which increases
proportional to the velocity, v. The expected value of
the two velocity spectrum estimators in egn (6) can
be expressed by the 2D autocorrelation function, de-
fined in egn (2).
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(p(v)) = X wa(m)R, (mb, m)

Ll

{P-ﬂ-m- “r'}} = Z “'?{M}R‘n{u‘ mk‘ﬂf"ﬂ

walm) = % wimwin + m) (7)

i

The expected value of the velocity spectrum estimators
can also be expressed by the 2D power spectrum, and
the Fourier transform W (-) of the window function,
w(k), by combining eqns (2) and (7).

{p(v))

= J'I M,dw;ﬂ{id-ﬁ s )

{Poons. (V)

= I‘[ di.t.-'|d|'.l.":G{l’.d.’| . )

Both spectrum estimators in eqn (8) have the form of
an integral of the 2D power spectrum, weighted by a
velocity-dependent spectral window function. An illus-
tration of the spectral window function for the conven-
tional spectrum compared to the VM spectrum is
shown in Fig. 3. The spectral window for the VM
spectrum is centered around the Doppler equation line,
with a vertical width equal to the bandwidth of the
window function, w(k). The velocity spectrum is ob-
tained by rotating the spectral window with a fixed
point in the origin. For the conventional spectrum, the
2D spectral window has the same vertical width, but
the slope is horizontal, and the velocity spectrum is
obtained by translating the window in the vertical di-
rection. The expected velocity spectrum for a uniform
velocity field with direction # and velocity components
U, = Uy, v, = tgtan(#) is obtained by combining eqns
(4) and (8)

T :
W(Tﬂ-’z b Ll'.!.-’|)|
e

T 2
W(TWZ = :1..—? W:|)| {R]
c

{fi(l'll?'u”

5
=% W:[m}.r;(-g-"m{u = vn‘l)b:(mu.tan{fi}ﬂ

{p-L'\tlm'. I v | lII'II.Zl }}

2T
= z H':fﬂl},’i:( : mvll)"?z':m“ulﬂnl:ﬁ]r}f“}f"ﬂ (9)

m

If the flow direction is axial, i.e., # = (), the last term
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Fig. 3. Data window in the 2D Fourier domain for the con-

ventional spectrum (upper diagram), and the velocity

matched spectrum {lower diagram). The corresponding ve-
locity spectra are shown to the right.

in eqn (9) equals the constant &.(0). Inegn (11), the
expected value for the velocity matched spectrum and
the conventional spectrum are expressed in the time
and frequency domain.

Plolu)) = T w;{m}sz(zr - m)

W(E—TEU—UDM)
C

m

2

=fdw.lsmnl-‘

{pﬂumv { v | Uy }}

3

s 2T g
=IdW|!S(HJI}|-|W(T{U{ﬂJ|_Ulﬁ-':”)| '[l[”

In Fig. 4, the two spectral estimators are compared for

v = 0and v = 2 times the Nyquist limit, usingegqn { 10).
Note that the VM spectrum estimator is translation
invariant in the velocity v,. This is not the case for the
conventional spectrum, where the transit time broaden-
ing increases proportionally to the velocity, For the
VM algorithm, the data window along the beam is
matched to the velocity, and thus no additional transit-
time broadening occurs for higher velocities. The main
lobe and the near side lobes are determined by the
window frequency response W {w ), whereas the grat-
ing lobe width is determined by the pulse bandwidth.
For narrow-pulse bandwidth, the grating lobes are
equal to the main lobe; increasing bandwidth gives
lower peak values and larger width. For the numerical
example shown in Fig. 4, the conventional spectrum
analysis gives a much broader main lobe than the VM
spectrum when the blood velocity equals the double
Nyquist limit; see lower part of Fig. 4.

If the blood flow direction angle # is different
from zero, or the velocity field is nonuniform due to
velocity gradients inside the ultrasonic beam, the main
lobe in the spectrum will broaden. This effect is the
same for both the conventional spectrum and the VM
spectrum.

Frequency-dependent attenuation and scattering
will change the center frequency of the received signal,
and give a calibration error in the conventional Doppler
spectrum. In the expressions above, the center fre-
quency is assumed to be equal to the demodulation
mixer frequency, wy, which may give a substantial bias
in the conventional velocity spectrum if the transmitted
pulse bandwidth is high. However, the expected value
of the VM spectrum is independent of w, [see eqns
(9) and (11)], and frequency-dependent attenuation
will therefore give no bias.

EXPERIMENTS AND DISCUSSION

In vivo experiments were performed using a com-
mercial ultrasound scanner ( Vingmed CFM 750) with
spectral Doppler and color Doppler facilities. Some
modifications were done to increase the bandwidth of
the transmitted pulse and the receiver front-end ampli-
fier. Unprocessed RF data were collected in real time
with a custom 12-bit, 10-MHz digitizer and storage
device, and transferred to a Mac 1l computer for disc
storage, processing and display. We used a 3.25-MHz
annular array transducer, with a tfransmitting frequency
of 2.5 MHz. Data were collected from a normal human
subclavian artery and aortic artery in a 10-mm depth
range located 5 to 6 cm from the transducer, in approxi-
mately | s, 1o get one full heart cycle of data. The
mean frequency and bandwidth of the received signal
was measured by standard spectrum analysis methods,
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Fig. 4. Theorctical performance of the VM spectrum compared to conventional spectrum with laminar, axial flow
with velocity v = 0 (upper plot), and v = 2 times the Nyquist limit (lower plot).

giving f = 2.55 MHz, and —6-dB bandwidth equal to
1.34 MHz, ie., a fractional bandwidth of 53%. The
data were processed off-line using standard methods
for quadrature demodulation and wall motion rejection
filtering. The radial sampling frequency was kept at
10 MHz after quadrature demodulation.

Doppler spectrum analysis was performed on the
complex demodulated data, using both the conventional
algorithm, and the VM algorithm, as described in egn
(6). The window function, w(k), was a 32-point Ham-
ming window. For the highest velocity values in the
spectrum, the window length had to be reduced not 1o
exceed the 10-mm-long depth range of available data.
Since the complex demodulated data were highly
oversampled (10-MHz sampling frequency, and 1.34-
MHz bandwidth ), no radial interpolation in the data was

performed; the closest sample in range was selected ac-
cording to egn (6). In Figs. 5, 6 and 7, spectrum displays
are shown for three different sets of RF data collected
from normal human areries. Conventional spectrum
analysis is shown on the left, and VM spectrum analysis
is shown on the nght. Note that the same RF data and
wall filter are used for both methods; however, as pointed
out in the previous section, the VM spectrum algonthm
utilizes data from several samples in the range direction,
in contrast to the conventional spectrum algorithm. The
pulse repetition frequency (PRF) was adjusted down-
ward to obtain different degrees of spectral aliasing. In
Figs. 5 and 6 PRF = 224 kHz, and in Fig. 7 PRF =
1.12 kHz. giving aliasing varying from 2 up to 4.5 times
the Nyquist limit,
Thus, the following observations were drawn:
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Fig. 5. VM spectrum analysis (right) compared to conventional spectrum analysis (left) applies to signals from
a normal human subclavian artery with peak velocity at two times the Nyquist limit, Velocity labels are in
centimeters per second,

1. In all three examples the ‘‘correct’” wvelocity

waveform stands out more clearly in the display
for the VM-algorithm, than for the conventional
algorithm. The spectral width is narrow close to
the correct velocity, and is ‘‘smeared out’ at
the aliased parts; Fig. 7 shows this effect most
clearly. This property was predicted from the
theoretical calculations in the previous section
(see Fig. 4).

. The rejected bands in the spectrum around each
multiple of the sampling frequency due to the

wall motion rejection filter, which can be seen in
the left-hand diagrams, are almost eliminated
with the velocity matched algorithm shown in the
right-hand diagrams. This is clearly demonstrated
in Fig. 3, at the peak systole, where the spectrum
envelope is destroyed by the wall motion filter
for the conventional algorithm. The effect can be
explained by the difference in the geometrical
form of the 2D spectral window functions (see
Fig. 3). The spectral window for the VM algo-
rithm is tilted, and will therefore pick up some

I

e AR
Fig. 6. VM spectrum analysis (right) compared to conventional spectrum analysis (left) applied to aortic artery
flow with peak velocity at three times the Nyquist limit. Velocity labels are in centimeters per second.
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Fig. 7. VM spectrum analysis (right) compared to conventional spectrum analysis (left) applied to subclavian
artery blood flow with peak velocity at 4.5 times the Nyguist limit. Velocity labels are in centimeters per second.

spectral energy in the signal, even when the center
point is located inside the stop-band of the wall
motion filter.

CONCLUSIONS

By applying a stochastic two-dimensional model
for the received Doppler signal, the performance of
the proposed algorithm **velocity matched spectrum’”
has been analyzed theoretically. The expressions for
the expectation value of the spectrum estimators show
that the VM-spectrum gives significant suppression of
aliased grating lobes, and a narrower main lobe com-
pared to the conventional spectrum algorithm. The VM
spectrum has also been shown to give correct velocity
calibration even in the case of frequency dependent
attenuation. The experimental results show Doppler
spectrum display with improved performance com-
pared to the conventional method. Apart from suppres-
sion of aliased spectral components, the VM spectrum
algorithm almost eliminates the wall motion filter dead
zones, which helps the user in delineating the correct
velocity waveform.

So far, the VM spectrum method has been ana-
lyzed and experimentally verified only for laminar flow
with velocities up to 1.2 m/s. Velocity gradients inside
the sample volume that occur in a typical high-velocity
jet flow area, will limit the ability to resolve velocity
ambiguity. However, when the core region of the high
velocity jet is comparable with the sample volume size,

the VM spectrum is expected to give significant im-
provements compared to conventional methods.
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