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Velocity estimation using recursive ultrasound imaging and spatially
encoded signals

Svetoslav Nikolov, Kim Gammelmark and Jgrgen Jensen

Center for Fast Ultrasound Imaging, Department of Information Technology, Build. 344,
Technical University of Denmark, DK-2800 Lyngby, Denmark

Abstract

Previously we have presented a recursive beamforming algo-
rithm for synthetic transmit aperture focusing. At every emis-
sion a beamformed low-resolution image is added to an exist-
ing high-resolution one, and the low-resolution image from
the previous emission with the current active element is sub-
tracted yielding a new frame at every pulse emission.

In this paper the method is extended to blood velocity es-
timation, where a new Color Flow Mapping (CFM) image is
created after every pulse emission. The underlying assump-
tion is that the velocity is constant between two pulse emis-
sions and the current estimates can therefore be used for com-
pensation of the motion artifacts in the data acquired in the
next emission.

Two different transmit strategies are investigated in this pa-
per: (a) using a single defocused active aperture in transmit,
and (b) emitting with all active transmit sub-apertures at the
same time using orthogonal spatial encoding signals.

The method was applied on data recorded by an experi-
mental system. The estimates of the blood velocity for both
methods had a bias less than 3 % and a standard deviation
around 2 % making them a feasible approach for blood ve-
locity estimations.

1 Introduction

Modern scanners estimate the blood velocity by sending ul-
trasound pulses in the same direction and processing the sig-
nal returned from a given depth. To create a map of the ve-
locity distribution in the area of investigation, the signal must
be sent several consecutive times in each of several different
directions. The precision of the estimates increases, if the es-
timates are based on a larger number of acquisitions in one
direction. This, however, decreases the frame rate and the
choice is based on a compromise between frame rate and pre-
cision.

This compromise can be avoided if a new frame is created
after every emission and its data used for velocity estimation.
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The continuous flow of data allows the use of stationary echo
canceling filters with longer impulse responses, and estimates
based on a larger number of emissions, which both improve
the estimates’ precision.

One approach to create a new frame at every pulse emission
is to use Recursive Ultrasound Imaging [1]. The beamformed
data as proposed in [ 1] is suitable for B-mode imaging but not
for blood velocity estimation, because of the present motion
artifacts.

In this article the CFM is calculated after every emission,
and the velocity estimates from the current frame are used
for correcting the motion artifacts in the next one. Since the
estimates are based on longer sample sequences, they have a
high precision, and the motion artifacts can thereby be com-
pensated fully.

Since each emission is performed only by one element, and
the blood is moving, the performance of the above mentioned
procedure depends on the shot sequence. This dependency
can be avoided by using the same elements at every emission
with a spatial encoding scheme as suggested in [2].

2 Theoretical background

The following sections give the theoretical background for
recursive ultrasound imaging and the use of spatially encoded
transmits to increase the signal-to-noise ratio.

2.1 Recursive imaging

A pulse emitted by only one transducer element propagates
as a spherical wave, when the element is small, and the re-
ceived echo signal carries information from the whole region
of interest. By applying different delays in receive, any of
the scan-lines m € [1...N,] can be formed. The data from
one emission is used to beam-form all of the scan-lines cre-
ating one image as shown in Fig. 1. The created image has a
low resolution, since only one element is used for emission.
A high-resolution image is created by summing the RF lines
from Ny, low resolution images, each of them created after
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Figure 1: Recursive ultrasound imaging. In transmit only one
element is excited. Multiple receive beams are formed simul-
taneously for each transmit pulse. Each element is excited
again after Ny, emissions (N = Nygo = 10 in this exam-
ple).

emitting with a different transducer element. Let the number
of the current emission be k, the number of the transducer
elements be Ny, the recorded signal by the element j after
emitting with element i be rg‘), and let the necessary delay
and the weighting coefficient for beam-forming of scan-line
mbe dpmij and an,;, respectively, The beam-forming of a scan-
line for a low-resolution image can then be expressed as (see
Fig. 1)

Nlec
W)=Y ami;- r;(f) (t — dmij) )]
J=1

where ¢ is time relative to start of pulse emission. Provided
that the tissue below the transducer is motionless, the forming
of the final scan-lines for the high-resolution image can be
expressed as [1]:

sE(e) =S¥V @)+ - st Ny (@)
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This method, however, suffers from a low signal-to-noise
(SNR) ratio and from motion artifacts. Using multiple ele-
ments in transmit to send “defocused” ultrasound wave im-
proves [3] the situation. Further, the SNR can be increased
by using encoded signals. The encoding can be temporal (for
example using linear frequency modulated excitation) or spa-
tial as described in the next section.

2.2 Spatial encoding

apodization values:

" emission #(n)

Figure 2: Spatially encoded transmits using 4 transmit ele-
ments.

The idea behind the spatial encoding is to send with all of
the N, elements as shown in Fig. 2, instead of sending with
only one element i, | <i < Ny atatime [2]. The signal sent
into the tissue by each of the transmit elements i is

e.‘(l)qu"e(f), 1 <i < Now,s 3)

where e(t) is a basic waveform and g; is an encoding coeffi-
cient.

Assuming a linear propagation medium, the signal r;(z)
received by the jth element can be expressed as:

Nems

ri(t) =Y qi-rij(t), )
i=1

where r;;(t) would be the signal received by element j, if the
emission was done only by element i.

From Eq.(1) it can be seen that the components r;;(z) must
be found in order to beamform the signal. The received sig-
nals can be expressed in a matrix form:

1 (1 (1)

(
rfz) qu) q%z) q?g’)"" i
r; _| 4 92 DN 2j
N:\'WL’ ‘\;Xml N.X . N.Xlﬂl . ;
(o) gm) ) ) N
(5)



where the superscript ) 1 < k < Ngpy is the number of the
(k)

emission, ¢; ' is the encoding coefficient applied in transmit

on the transmitting element i, and rﬁk) is the signal received

by the jth element. In the above system of equations the time
is skipped for notational simplicity. Also stationary tissue is
assumed so that:

l NX”!
More compactly, the equation can be written as:

where Q is the encoding matrix. Obviously the responses
rij(2) are:
7= Q' (8)

A suitable encoding matrix Q is the Hadamard matrix H
[2]. The inverse Hadamard matrix is a scaled version of itself,
i.e. for a matrix Hy,,,, with Nyp; X Ny elements, the inverse
-l
isHy, = =1/NuwHn,,

The above derivation strongly relies on the assumption in
(6). In the case of abdominal scanning, and for low values of
Nime» this assumption is “almost fulfilled”. However, in car-
diac imaging and blood velocity estimation, this assumption
is severely violated and the movement of the blood and heart
must be compensated for.

2.3 Motion compensation

The motion compensation is considered for two cases: (a)
recursive imaging without spatial encoding and (b) recursive
imaging with spatial encoding.

2.3.1 Without spatial encoding

Figure 3: Motion compensation for recursive imaging with-
out spatial encoding.

During the first stage of the beamforming process, low-
resolution images are created, using dynamic receive focus-
ing. The assumption is that within one scan line su,;(z), the
wavefront propagates as a plane wave, as shown in Fig. 3.

Figure 3 shows the movement of one point scatterer within
the limits of one scan line. The scatterer moves with velocity
¥, from position po(%,4T) to a new position py (&1, (k+ 1)7T)
for the time T between two pulse emissions. The movement
across the beam (perpendicular to the the direction #) de-
termines the strength of the backscattered energy, while the
movement along the beam determines the time instance when
the backscattering occurs.

For the case depicted in Fig. 3 the difference in time when
the backscattering occurs for the positions pg and py is:

T:2-/31: ©)

c

where Al is the distance traveled from one pulse emission to
the next:

Al = (7,i)T, (10)
where (¥, #) is the inner product between the velocity vector
¥ and the directional vector 7.

The velocity at emission & as a function of time ¢ from the
emission of the pulse along the line m is vf,’f) (t). The delay

. . k .
7 is also a function of ¢, tK) = ‘rf,,)(t). The beamformation
process with the velocity incorporated in it becomes:

form=1to N,

Nude

RIOEDY

mi i 1t = i)

J=1
Mr(:) (Z) — S'('ll‘_l)(t) _ S(k__erm)(t)

mi

e
207 (IT

TS:H)(T): - c(l)l

AR () = A5V (@) + 1) =i

sW ) = MP e+ Nt D () 4 58— AP ()

(11)

where A is the delay between the first and the last of the low-
resolution images, currently comprised in the high-resolution
one.

2.3.2 With spatial encoding

B(%,. T)—" Al
wave ffont S p (%, (k+1)T)

Figure 4: Motion compensation for recursive imaging with
spatial encoding.

Figure 4 shows the model adopted for motion compen-
sation in the presence of spatially encoded signals. Several
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transducer elements across the whole span of the transducer
aperture are used in transmit. The sum of the emitted waves
creates a planar wave propagating in a direction perpendicu-
lar to the transducer surface. A point scatterer moves for one
pulse-repetition period from positions po(Xp,kT) to a new po-
sition p(x],(k+ 1)T). The difference between the time in-
stances, when the scattering occurs, is :

2Al
T=—, (12)
c
where Al is the distance traveled by the point scatterer:
Al=v,T (13)

In the above equation v, is the component of the velocity nor-
mal to the transducer surface. The delay 7 is a function of the
time ¢, and the emission number k, T = 1% (r)

Thus, the signals received by element j for emission num-
ber k € [1,Nym] are:

APy =re -0

M) =rP -
(14)

r‘(ianu)(t) — I‘;NXW‘])(I _ ,t(Nxmt—l)(t))

The reconstruction must be performed prior to beamform-
ing the signal at a given point. First the received signals r(*) ()
are appropriately delayed, and then the system of equations
(5) is solved.

3 Experimental results

3.1 Measurement setup

The measurements were done, using the department’s off-line
experimental system XTRA [4]. The most important param-
eters are listed in Table 1.

Parameter name Notation Value Unit
Speed of sound c 1540 m/s
Sampling freq. fs 40 MHz
Excitation freq. Jfo 5 MHz
Pulse duration 1, 1.5 cycles
-6 dB band-width BW 4.875-10.125 MHz
Transducer pitch P 209 um
Transducer kerf kerf 30 um
Number of elements Nyde 64 -
Transducer height h 4 mm
Elevation focus fez 20 mm

Table 1: Measurement parameters
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A tissue mimicking phantom with frequency dependent at-
tenuation of 0.25 dB/{cm.MHz] and speed of sound ¢ = 1540
m/s was scanned at 65 positions in a water bath. From po-
sition to position the phantom was moved 70 um at an angle
of 45° to the transducer surface. Assuming a pulse repetition
frequency f,rs = 1/T = 7000, this movement corresponds to
a plug-flow with velocity [V] = 49.5 cm/s.

A precision translation system was used for the movement
of the phantom. The precision of the motuon in the axial and
lateral directions were: Az = 1/200 mm, and Ax = 1/80 mm,
respectively.

3.2 Velocity estimation

In the theoretical considerations, it was assumed that the
blood velocity was estimated, without any considerations
about the velocity estimator.

The cross-correlation estimator suggested in [5] is suitable
for the broad band pulses used by this method. In the im-
plementation it is assumed, that the two consecutive high-
resolution lines $9)(z,) and S*=1(1,) are related by:

SW (1) = S« D (1 — 1), (15)
where ¢, is a time lag due to the movement of the scatterers
and is related to the axial component of the velocity v, by:

2v,
ty =

T (16)
c

The peak of the cross-correlation between segments of S®)(r)
and $%~1)(r) would be found at time #;. Estimating f, leads to
the estimation of ¥,

3.3 Reference velocity estimation

0=45
055 -
—— Mean velocity
[ -~ - 1+ One standard deviation
0.54F 1
0.53f

Velocity [nvs)

80 90

0‘4630 4‘0

50 60 7
Axiat distance [mm]
Figure 5: Mean reference velocity.

In order to obtain a reference estimate of the velocity, at
each position of the phantom a high resolution image was



Reference  Spatially encoded Non encoded
|¥| [m/s] 0.496 0.486 0.479
o/1V| % 2.3 22 1.8

Table 2: Results from the velocity estimation at angle
L(V,i) = 45°

created using 13 emissions per image. The velocity was es-
timated using a cross-correlation estimator. The correlation
length was equal to the length of the transmitted pulse. The
number of lines, over which the calculated correlation func-
tion was averaged was 8. The search length was +A/4 to
avoid aliasing problems. Figure 5 shows the mean velocity
|—\7|- for the central line as a function of depth. The mean was
calculated over 55 estimates.

In the axial direction the translation system has a precision
of Az =5 um, which is 10 % of the desired step. The results
are, thus, within the precision of the system.

3.4 Recursive velocity estimation

The mean velocity m and the normalized standard deviation
o/ |Tv'|' estimated using recursive ultrasound imaging are shown
in Table 2. The angle between the velocity vector ¥ and the
directional vector 7 of the scan line is /(V,n) = 45°. The
number of frames is 36. In this table |V] is the average of
the mean velocity in the range from 30 to 80 mm. ¢ is also
averaged in the same range. The angle dependence of the
estimates is shown in Figure 6. The dashed lines show the
velocity at £G.

High resolution image. N, =13

vl {m/s]

vt [m/s]

o
[A
k=

35 40 45 50 55
Zwm (]

Figure 6: The mean velocity and the velocity at £6 as a func-
tion of angle.

It can be seen that the reference velocity estimation ex-
hibits a smaller bias than the velocity estimations using re-
cursive imaging.

The recursive imaging using spatially encoded transmits
exhibits angular dependence. At angles of 42° —45° it has a
low bias and standard deviation, comparable to that of the
reference velocity estimates. One of the possible reasons
for the angular dependency is the low number of emissions
(Nxmr = 4), resulting in higher side and grating lobes in the
image.

4 Conclusions

In this paper a method for motion compensation and velocity
estimation using recursive ultrasound imaging was presented.
The method provides the blood velocity estimator with as
much as several thousand measurements per second for ev-
ery sample in the investigated region.

It has been experimentally verified that the method works
for a speckle generating phantom with frequency dependent
attenuation. One limitation is that no noise was present in the
experiment and the velocity was constant.

Future work will include velocity profiles and mixture of
moving and stationary tissue.
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