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Motion compensation

Synthetic transmit aperture images are acquired over a number of emissions. Tissue motion
prohibits the coherent summation of the low resolution images formed at every emission. The
latter results in a decrease of the contrast and resolution. The phases of the beamformed lines
get distorted and the velocity of blood cannot be estimated using the traditional approaches.

This chapter deals with the motion compensation which must overcome the introduced artifacts.
In the beginning an overview of the methods developed prior to this work is given. They
involve either cross-correlation between the signals received by the individual channels, or
cross-correlation between partially beamformed images.

Further a new method for motion compensation is suggested. It is based on motion estimation
using the high resolution images. In the end the results from an experimental verification of the
suggested motion compensation schemes are discussed.

12.1 Overview of the existing methods for motion compensation

One can consider the motion artifacts as caused by phase aberration, as was done by the group
led by Prof. Trahey at Duke University. In several papers [69, 70, 71] they investigated the
motion compensation applied to synthetic receive aperture ultrasound imaging (SRAU). They
explored the possibility to correctly detect motion based on the received signals by several
sub-apertures.

Figure 12.1 shows the measurement setup used in their work. The example is based on four
receive sub-apertures. Four transmissions by all transducer elements are necessary in order
to beamform a single RF line. Every time the reception is carried out by one of the four
receive sub-apertures (illustrated in Figure 12.1 with different colors). The left and right sub-
figures shows the cases when the sub-apertures are neighboring, and interleaved, respectively.
The arcs above the transducers show the delayed echo from the point scatterer: the black arc
shows the delays when there is no motion, and the colored arcs show the delayed echoes of
the individual sub-apertures in the presence of motion. On the top of the figure the delay
difference ∆τ between the arrival time of the moving target and a stationary one is plotted. This
difference must be added to the delay profile of the beamformer in order to sum the signals
coherently. Between every two emissions the scatterers in the imaged direction move at a
distance ∆l. The distance traveled by a single scatterer between the first and the last emission
is l = 3∆l. For abdominal imaging the maximum assumed velocity is 0.06 m/s [71] , resulting
in a maximum delay error 3∆τ = 50 ns, which is a quarter of a period at 5 MHz, for a speed of
sound c = 1500 m/s. The spatial distance between two elements with the same relative position
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Figure 12.1: Delay errors in synthetic receive aperture imaging using 4 sub-apertures. The
left sub-figure shows the case of neighboring sub-apertures and the right sub-figure shows
interleaved sub-apertures.

in the sub-aperture is smaller for the interleaved sub-apertures. Because the elements are closer,
the correlation between the received signals is higher and the time shift ∆τ can be detected more
reliably. Nock and Trahey [70] explain this phenomenon using the k-space representation of
the system as shown in Figure 12.2. The figure shows the lateral k-space representation, where
kx = k sinθ is the spatial frequency, θ is the steering angle, kxs = k D

z , D is the lateral size of
the whole aperture, and z is the imaging depth. The figure depicts the creation of a synthetic
receive aperture of 32 elements by using two sub-apertures of 16 elements each. In the left sub-
figure the sub-apertures are neighboring, and in the right sub-figure they are interleaved. The
correlation between the beamformed signals from the two sub-apertures is proportional to the
common area between the two k-space representations. Clearly the overlapping area is bigger
when the sub-apertures are interleaved. The results in [70, 71] confirm these considerations.

A similar approach was undertaken by the group led by Karaman [2, 79, 149]. Their work is
focused on synthetic transmit and receive aperture imaging. Every transmit is performed using
a single defocused sub-aperture and the reception is performed again by it, as shown in Figure
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Figure 12.2: The k-space representation of the SRAU. The left graph shows the case of neigh-
boring and the right graph of interleaved sub-apertures, respectively.
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Figure 12.3: Forming a high-resolution image from low-resolution sub-aperture images as in
[2].
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Figure 12.4: Sub-apertures used for the motion estimation using (a) partially, and (b) fully
common spatial frequencies. The shaded squares symbolize the active elements. The common
spatial frequencies are surrounded by rectangles.

12.3. At every transmit a low-resolution image is formed. In the end all low-resolution images
are added together. The receive sub-apertures are centered around the transmitting elements
as shown in Figure 12.4. The figure shows two consecutive transmit events using transmit
elements with indexes 3 and 4. Transmitting with element i and receiving with element j results
in the creation of an element from the effective aperture (or equivalently a spatial frequency)
with index i + j. Thus, transmitting with element 3 and receiving with elements 1 ÷ 5 creates
elements from the virtual aperture with indexes 4 ÷ 8, as shown in Figure1 12.4. Two different
configurations for the motion estimation from the low-resolution images were investigated in
[2, 149]: low resolution images formed using the signals from the whole receive sub-aperture,

1The notation in Figure 12.4 reads “spatial frequency” following the notation from the original paper [2].
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Figure 12.5: Model for motion compensation for synthetic aperture ultrasound imaging with-
out spatial encoding.

and using only the signals from the elements that form the same effective aperture elements
(or put in other words, have the same spatial frequencies). The signals that participate in the
formation of the images with partially and fully common spatial frequencies are shown with
arrows in Figure 12.4(a) and (b), respectively. The group demonstrates in [2] and [149] that
using the signals with fully common spatial frequencies result in higher correlation between
the low-resolution images. The correlation coefficient is on the order of 0.94, which according
to their experimental results suffices for the motion estimation.

As demonstrated by the previous work in motion compensation of synthetic aperture ultrasound
imaging the motion can be estimated more reliably by using images that have high correlation
between them. The images that exhibit the highest correlation are the high-resolution images,
which led to the method suggested by the author in [150]. The idea can be summarized as
follows: precise velocity estimates can be obtained from the high resolution images created at
every emission using recursive ultrasound imaging (RUI). These velocity estimates are used for
motion compensation in the beamformation process. The high-resolution images obtained in
this way retain the phase information necessary to perform velocity estimation, and so on.

In the next sections the model for the motion compensation is developed and the performance
of estimating the velocity is given.

12.2 Models for motion compensation

Because of the different steps involved in the image formation the models for motion compen-
sation are divided in two: without and with spatially encoded transmits.

12.2.1 Synthetic transmit aperture imaging

During the first stage of the beamformation process low-resolution images are created using
dynamic receive focusing. The assumption is that within one scan line Lt the wavefront prop-
agates as a plane wave, as illustrated in Figure 12.5. Figure 12.5 shows the movement of a
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Figure 12.6: Model for motion compensation for synthetic aperture ultrasound imaging with
spatial encoding.

single point scatterer within the limits of one scan line. The scatterer moves with velocity ~v
from position~x0 to a new position~x1 for the time Tpr f between two emissions. The movement
across the beam (perpendicular to the direction~k) determines the strength of the backscattered
energy, while the movement along the beam determines the time instance when the backscat-
tering occurs.

For the case depicted in Figure 12.5 the difference in time when the backscattering occurs for
the positions~x0 and~x1 is:

ts =
2∆l
c

, (12.1)

where ∆l is the distance traveled by the scatterer for the time from one emission to the next.
This distance is given by:

∆l =~v ·~kTpr f , (12.2)

where~v ·~k gives the velocity component along the scan line.

12.2.2 Synthetic transmit aperture imaging with spatially encoded transmits

Figure 12.6 shows the model adopted for motion compensation in the presence of spatially
encoded signals. Several transducer elements across the whole span of the aperture are used
in transmit. The sum of the emitted waves creates a planar wave propagating in a direction
perpendicular to the transducer surface. A point scatterer moves for one pulse repetition period
Tpr f from position ~x0 to a new position ~x1. The difference between the time instances, when
the scattering occurs is:

ts =
2∆l
c

, (12.3)

where ∆l is the distance traveled by the point scatterer in axial direction (along z):

∆l = vzTpr f (12.4)

In the above equation vz is the velocity component normal to the transducer surface.

The difference between (12.1) and (12.3) is that in the former case the shift is along a beam-
formed line L(t), while in latter case the shift is in the received signals r j(t).
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Figure 12.7: Summary of the considerations and steps involved in the motion compensation.

12.3 Motion compensation in recursive imaging

12.3.1 Recursive ultrasound imaging without spatial encoding

All of the considerations and steps in the motion compensation process are summarized in
Figure 12.7. The main goal of motion compensation is to preserve the phase information in
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the high-resolution beamformed RF lines. This is necessary because the motion must be es-
timated from the high-resolution images. Figure 12.7(a) shows that the first step in motion
compensation is to estimate the velocity. This estimation can be done by finding the time shift
ts between two consecutive lines as shown in sub-figure (a) (cross-correlation velocity estima-
tion), or by finding phase shifts (auto-correlation velocity estimation), or by any other method.
The RF lines from high-resolution images have higher correlation than the RF lines in the low-
resolution images, thus the time shift can be detected more reliably. The high-resolution RF
lines are better focused and the spread of velocities within one resolution volume is lower,
resulting in a lower bias of the estimates. Figure 12.7(a) shows that the high resolution high-
resolution scan line H(n+1)(t) at emission (n+1) is a time shifted version of the high-resolution
scan line formed at emission H(n)(t):

H(n+1)(t) = H(n)(t− ts). (12.5)

This is a standard assumption used in blood velocity estimation [132]. Usually the velocity is
estimated using several RF lines to decrease the uncertainty of the estimate. Thus the velocity
estimation gives the mean velocity for the number of lines used in the estimation. The shift ts
present in high resolution images is present also in the low resolution ones. For two consecutive
low-resolution scan lines L(n)(t) and L(n+1)(t) this relation is written as:

L(n+1)(t) = L(n)(t− ts), (12.6)

and is illustrated in Figure 12.7(b).

Figure 12.7(c) shows how the low-resolution scan lines L(n)(t) are summed coherently in the
high-resolution scan lines H(n)(t). The red blocks symbolize a segment of the signal corre-
sponding to a single point scatterer that moves at a constant speed away from the transducer.
Creating the high resolution image H(3)(t) at emission 3 all the segments are aligned to the
low-resolution image L(3)(t). Creating H(4)(t), all signals are aligned with respect to L(4)(t).

Up to this moment it was assumed that the velocity is constant in depth and time (emission
number, or slow time). This is, however, not true. Acceleration in the motion is usually present.
The time shifts ts are a function of the pulse emission. The time shift t(n+1)

s at emission n+1 can
be estimated from the high resolution images up to emission n. The time shift is also a function
of depth, or equivalently of the time t from the trigger of the current emission, t(n)

s = t(n)
s (t).

Let the number of low-resolution images used to make a high-resolution one be Nxmt . Without
motion compensation the beamformation process would be:

H(n)(t) =
n

∑
i=n−Nxmt+1

L(i)(t) (12.7)

Using the motion compensation the beamformation process is expressed as:

H(n)(t) =L(n−Nxmt+1)(t
)
+L(n−Nxmt+2)(t− t(n−Nxmt+2)

s (t)
)
+

+L(n−Nxmt+3)(t− (t(n−Nxmt+2)
s (t)+ t(n−Nxmt+3)

s (t))
)
+ · · ·

+L(n)(t−
n

∑
j=n−Nxmt+2

t( j)(t)
)

(12.8)
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The sum of the delays t(i)s from the first low-resolution image entering the sum to the last low-
resolution image is called accumulated time shift and is denoted T (n)

s :

T (n)
s (t) =

n

∑
j=n−Nxmt+2

t( j)
s (t). (12.9)

Figure 12.7 shows the case of using Nxmt = 3 low resolution images to create a high-resolution
one. It can be seen that the high-resolution images H(n−1)(t) and H(n)(t) are shifted one to an-
other with a time shift t(n−Nxmt+1)

s . The high-resolution image H(n−1)(t) and the low-resolution
image L(n−Nxmt) are aligned. The recursive procedure for beamformation (see Eq. (6.13) on
page 65) becomes:

H(n−1)(t) = H(n−1)(t)−L(n−Nxmt)(t) (12.10)

H(n)(t) = H(n−1)(t + t(n−Nxmt+1)
s )+L(n)(t−T (n)

s ) (12.11)

from H(n)(t), H(n−1)(t) ... estimate the velocity~v(n+1)(t) (12.12)

t(n+1)
s (t) =

2~v(n+1)(t) ·~kTpr f

c
(12.13)

T (n+1)
s (t) = T (n)

s (t)+ t(n+1)
s (t)− t(n−Nxmt+2)

s (t). (12.14)

12.3.2 Recursive imaging with spatially encoded signals

The motion compensation for the recursive imaging with spatially encoded transmits is per-
formed on the received RF data. Considering only the emissions from 1 to Nxmt , and using the
simplified model the received RF data by a single element, j can be expressed as:

r(1)
j (t) =

Nxmt

∑
i=1

qi1 · ri j(t−T (1)
s (t))

r(2)
j (t) =

Nxmt

∑
i=1

qi2 · ri j(t−T (2)
s (t))

... (12.15)

r(Nxmt)
j (t) =

Nxmt

∑
i=1

qiNxmt · ri j(t−T (Nxmt−1)
s (t)),

where q are the encoding coefficients and ri j(t) is the signal that would be received by element
j after the emission of element i in the absence of motion. The time shifts t(n)

s (t) are assumed
to be due only to the motion perpendicular to the transducer surface and t(1)

s (t) is set to 0. The
compensation and the reconstruction can be expressed as:

ri j(t) =
Nxmt

∑
n=1

qin · r(n)
j (t−T (n)

s (t)), for i ∈ [1,Nxmt ] (12.16)

A more precise compensation scheme can be derived using the time shifts ts, which based not
only on estimated velocity but also on the position of the transmitting and receiving elements.
This means to replace the plane wave from the assumed model with a spherical wave.
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Figure 12.8: Measurement setup.

12.4 Experimental verification

The procedure for motion compensation was verified experimentally.

12.4.1 Experimental setup

The measurements were done using the XTRA system (see Appendix J). A tissue mimicking
phantom with frequency dependent attenuation of 0.25 dB/(cm · MHz) and speed of sound
c = 1540 m/s was scanned at 65 positions in a water bath as shown in Figure 12.8. From
position to position the phantom was moved 70 µm at an angle of 45◦ relative to the transducer
surface. Assuming a pulse repetition frequency of fpr f = 1/Tpr f = 7000 Hz, this movement
corresponds to a plug flow with velocity |~v| = 0.495 m/s. At every position a data set from 13
emissions was recorded. For each position a reference high-resolution image was formed using
all of the 13 emissions. The recursive ultrasound images were formed by using only a single
emission from a position. In this way any shot sequence could be realized. The system is not
capable of using negative apodization coefficients, and therefore the encoding was performed
in software for each position as in [3].

A precision translation system (the XYZ system) was used for the movement of the phantom.
The precision of motion in the axial and lateral directions was: ∆z = 1/200 mm, and ∆x = 1/80
mm, respectively.

12.4.2 Experimental results

A simple visual inspection of the B-mode images reveals that the motion compensation pro-
cedure using the aforementioned motion compensation models and procedures works. Two
cases were investigated: (1) using 13 emissions and classical recursive imaging (Nxmt = 13, see
Section 6.1), and (2) using 4 emissions and spatial encoding using Hadamard matrices.
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Figure 12.9: Comparison of B-mode images. The left column shows an image obtained us-
ing recursive ultrasound imaging without motion compensation. The center column shows a
reference image obtained at one position. The right column shows an image using recursive
ultrasound imaging and motion compensation.

Figure 12.9 shows B-mode images with a dynamic range of 50 dB. The left and the right
columns show the high-resolution synthetic aperture images created at emission n = 15. The
left column image is created without motion compensation and the image in the right column
is created using the motion compensation scheme as described in Section 12.3.1. The cen-
ter column shows a reference image created at one position, using 13 emissions. From the
bottom row it can be seen that the motion compensated image is more “focused” than the non-
compensated one and is visually closer to the reference image. The visual impression can be
also confirmed by the auto-covariance analysis shown in Figure 12.10. The top plot shows the
projection of the maxima in axial direction of the 2D auto-covariance analysis. As it can be
seen the plots of the reference and motion-compensated images are almost identical. The level
of the non-compensated synthetic image is at the end of the plot is almost 10 dB higher. This
means that the contrast of the image is lower and dark regions are hard to image. The bottom
plot shows the -6 dB contours of the 2D auto-correlation function of the images taken around a
point scatterer (the point at 80 mm). The contours of the compensated and the reference images
coincide.

Another measure for the coherent summation of the image is the energy contained in it. Figure
12.11 shows the RMS values of the lines from the images in Figure 12.9. The success of the
motion compensation can be judged by the fact the RMS values of the lines in the motion
compensated image are comparable to those in the reference image. The mean of the RMS
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Figure 12.10: Resolution of the images. The upper plot shows the maximum along the RF lines
of the 2D auto-covariance of a speckle region. The lower plot shows the 2D auto-correlation
functions in a region of a single point scatterer.
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Figure 12.12: Comparison of B-mode images. The left column shows an image obtained
using recursive ultrasound imaging without motion compensation and spatial encoding. The
right column shows an image obtained using motion compensation and spatial encoding using
Hadamard matrix.

values for the reference, motion compensated and non-compensated images is 1.258, 1.256
and 0.588 V, respectively.

So far it was shown that the motion compensation scheme works for the case of synthetic
aperture imaging (or recursive ultrasound imaging). The remaining question is whether the
motion model and the motion compensation schemes for spatially encoded transmits are ade-
quate. Figure 12.12 shows three images with 45 dB dynamic range: two formed without and
one with spatial encoding. All the images are acquired with only 4 transmit events. The left
column shows a non motion-compensated synthetic aperture image and the right column shows
a motion-compensated one. The middle image is made using 4 × 4 Hadamard encoding ma-
trix. The motion compensation was done prior to the decoding as described in Section 12.3.2.
It can be observed that the two compensated images look alike, and that the non-compensated
one has a lower resolution. This is confirmed by the plots in Figure 12.13. The difference in
the resolution of the images is not as big as for the case of 13 emissions. The shorter the time,
the smaller the traveled distance and motion artifacts are. Figure 12.14 shows the RMS values
of the signals for the three cases depicted in Figure 12.12. The mean RMS values for the non-
compensated, the compensated without and with spatial Hadamard encoding are: 0.399, 0.447,
and 0.455, respectively. The conclusion is that the compensation for the Hadamard encoding
using 4 emissions is as good as the motion compensation for non-encoded synthetic aperture
images obtained with the same number of emissions.
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Figure 12.13: Resolution of the images. The upper plot shows the maximum along the RF lines
of the 2D auto-covariance of a speckle region. The lower plot shows the 2D auto-correlation
functions in a region of a single point scatterer.
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Figure 12.15: The maximum cross-correlation value between two consecutive frames.

There exist other approaches to evaluate the success of the motion compensation, such as the
one used by Maurice and Bertrand in [147]. The motion artifact in their work is estimated from
the cross-correlation of the original, ”premotion” image and the motion compensated one.

One of the goals in the motion compensation is to create images which not only have nice
appearance, but can be also used for extracting velocity information necessary for the motion
compensation. The more alike two consecutive frames are, the lower the bias and the variance
of the estimates are. From each high-resolution image seven regions were taken, and the peaks
of the 2D normalized cross-correlation with the same regions from the next high-resolution
images were found. Then the average of these peaks was plotted in Figure 12.15. The nor-
malization was performed with the peak of the auto-correlation functions of the respective re-
gions. The average maximum of the cross-correlation function between two consecutive high-
resolution images for the reference, compensated and non-compensated case without spatial
encoding are: 0.89, 0.87, and 0.7. This means that the velocity from the motion-compensated
images can be estimated almost as well as from the reference images obtained at every position
of the phantom. To test this the velocity from the motion compensated images was estimated.

12.4.3 Velocity estimation

Three sets of velocity estimates were obtained from the scanned data: (1) reference (2) without
spatial encoding, and (3) with spatial encoding. In order to obtain a reference estimate of the
velocity, at each position of the phantom a high resolution image was created using 13 emis-
sions per image. The velocity was estimated using a cross-correlation velocity estimator as
suggested by Bonnefous and Pesqué [133] and is described in Chapter 10. Although any esti-
mator can be used for the velocity estimation, this estimator was chosen because it is suitable
for the broad-band pulses used in the acquisition process. The correlation length was equal to
the length of the transmitted pulse. The number of lines, over which the correlation function
was averaged, was 8. The search length was ±λ/2.

The velocity estimates without spatial encoding were obtained from the same data set. The
number of emissions Nxmt was set to 13. Only a single emission at each position was used in
the formation of the image. The emissions used were cyclically rotated, i.e. after the emission
with element number 64, the emission with element number 1 was used. The compensation was
performed using a 32 coefficients FIR interpolation filter for the fine delays. The fine delays
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Figure 12.16: The mean velocity and the velocity at ± one standard deviations as a function of
depth.

were set to 1/(100 fs), which corresponds to a sampling rate of 400 MHz. For the first eight
high resolution images, the knowledge of the actual movement of the system was used.

The high-resolution images using spatially encoded transmits were obtained using only Nxmt =
4 elements in transmit. Then the encoded data from 4 consecutive emissions was used to
obtain the individual decoded data sets. Prior to the decoding the motion compensation was
performed. The filter bank used in the motion compensation is the same as for the case without
spatial encoding.

Figure 12.16 shows the velocity estimates as a function of depth for the scan line at 45◦ to
the flow direction ( 6 (~v,~k) = 45◦). Because the whole phantom was moved the velocity was
constant for all depths. The real velocity is 0.495 m/s. The mean and the standard deviations
were calculated over 52, 39, and 48 estimates for the reference velocity, the velocity for the
recursive imaging without and with spatial encoding, respectively. The number of available
estimates varies with the number of positions used to create a high-resolution image. The
estimates are not independent. It can be seen that estimates using recursive imaging do not
deviate significantly from the estimates used as a reference.

The angular dependency of the velocity estimates is shown in Figure 12.17. The dashed lines
show the velocity at ±σ, where σ is the standard deviation. This angular velocity distribution
was obtained by calculating the velocity for all the scan lines in the image, not by changing the
motion direction of the phantom.
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Figure 12.17: The mean velocity and the velocity at ± one standard deviations as a function of
angle.

Reference Spatially encoded Non encoded
mean(v) [m/s] 0.496 0.486 0.479
std(v) % 2.3 2.2 1.8

Table 12.1: Results from the velocity estimation at an angle 45◦.

It can be seen that the reference velocity estimation exhibits a smaller bias than the velocity es-
timation using recursive imaging. This could potentially lead to a worse motion compensation
over a longer period of time.

The recursive imaging using spatially encoded transmits exhibits angular dependence. At an-
gles 42◦ – 45◦ it has a low bias and standard deviation comparable to that of the reference
velocity estimation. There are two possible reasons for this dependence: (1) the low number of
emissions resulting in higher side and grating lobes, and (2) the compensation model. As was
pointed out in Section 12.3.2, only the velocity component normal to the transducer surface is
compensated for. This is sufficient for the region below the transducer, but obviously is not an
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adequate model for the echoes coming from outer parts of the scanned region.

Table 12.1 shows the average mean velocity and standard deviation of the estimates obtained
at an angle of 45 ◦ giving concrete numbers to confirming the discussion of the results.
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