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Conclusion

The purpose of the Ph.D. project was to investigate and design beamforming procedures and
ways of collecting data for real-time 3D imaging. Previous work in the field included the
”exploso-scan” - a method for wide beam transmission and parallel beams reception, and syn-
thetic aperture focusing. After initial trials and assessment, it was concluded that the synthetic
aperture imaging has the potential to produce images at the required frame rate and image
quality. SAU has the advantage of producing images that are focused at every point both in
transmit, and in receive. The acquisition time per frame can be significantly reduced by using
sparse synthetic transmit aperture. This makes the real-time three-dimensional imaging using
linear 1D and matrix 2D arrays possible.

Possible, though, there have not been previous reports of clinical trials using synthetic trans-
mit aperture imaging because of various problems unsolved at the time when my Ph.D. study
commenced. This dissertation has addressed several of the problems:

• The poor resolution in the elevation plane, when the 3D scanning is performed with a
linear array.

• The high side and grating lobe levels when sparse arrays are used.

• The low data rate, which is not adequate for velocity estimation.

• The motion artifacts present in the image.

• The inability of the current algorithms to estimate the velocity in the presence of motion
artifacts.

Some of the first in-vivo images using synthetic transmit aperture focusing have been acquired
in the course of the Ph.D. study. To make this multiple elements have been used in transmit
as suggested by other researchers. The central of the elements emits first and the outermost
elements emit last, thus creating a diverging wave. The approach was further developed in
Chapter 7 by unifying the use of multiple transducer elements, focused and defocused in the
common concept of the virtual ultrasound sources. This concept is extended also to the 3D case.
A linear array focused in the elevation plane is used to scan a whole volume. The resolution
in the elevation plane is improved more than 3.5 times using synthetic aperture post focusing
based on virtual ultrasound sources.

In order to decrease the motion artifacts and demands on hardware, sparse synthetic transmit
aperture is used. The main problem is the selection of active elements. Chapter 8 describes
the work done in the field of sparse array design, and suggests two novel designs for 2D sparse
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arrays. The new designs show improved performance in terms of main lobe to side lobe energy
ratio, while preserving the maximum obtainable resolution.

A new approach called ”recursive imaging”, which decreases the amount of calculations per
frame is suggested in Chapter 6. Using this beamformation technique new RF lines are formed
at every emission for all imaging directions, something not possible in conventional imaging.
The data flux is practically uninterrupted and long data sequences are available for the whole re-
gion of investigation. This makes it possible to create color flow maps using synthetic aperture
data, something regarded as impossible until recently.

The existing velocity estimators cannot estimate the velocity from the data beamformed using
recursive ultrasound imaging, unless motion compensation is applied, or new estimators are
developed. An original model of the motion artifacts is developed in Chapter 11, showing that
the motion compensation can be performed during the summation of the low-resolution images.
This approach was applied on experimental data, and proved to be a viable method for motion
compensation. The velocity can be estimated from the compensated data as shown in Chapter
12. The precision of the velocity estimation depends on the quality of motion compensation and
vice versa. The presence of noise worsens the velocity estimations and potentially could lead to
the failure of the whole scheme. This problem is solved in Chapter 13 where a modified velocity
estimator is developed on the basis of the cross-correlation velocity estimator. It removes the
necessity of having the motion compensation prior to the velocity estimation. Chapter 13 ends
with a discussion of how other velocity estimation algorithms can be modified and used with
synthetic aperture imaging.

Apart from the problems of acquisition and beamformation some other practical aspects such as
the display of 3D ultrasound data are also considered in the dissertation. While some previous
works use OpenGL for the final stage of the visualization, the approach given in Chapter 2 uses
OpenGL for scan-conversion. All the work on the scan conversion is done by a 3D-accelerated
video controller thus reducing the load on the main processor to a minimum. This gives the
possibility to use software, rather than hardware solutions, thus decreasing the development
time and cost of ultrasound scanners.

In short, the contributions of dissertation are:

• New designs of sparse 2D arrays are suggested.

• An unified concept of virtual ultrasound sources is outlined and applied to 3D ultrasound
imaging with linear array.

• A new imaging procedure -“recursive ultrasound imaging” - making it possible to create
a new high-resolution is developed and tested.

• A simple geometric model of the motion artifacts in synthetic aperture ultrasound is
created.

• A new motion compensation scheme is successfully applied on measured ultrasound data

• A modified velocity estimator is suggested and tested with measurements and simula-
tions.

• A practical approach of scan conversion of 2D and 3D images using off-the-shelf com-
puter components is suggested and developed.
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The thesis has covered most of the aspects associated with synthetic aperture imaging, as well
as some aspects of the acquisition and the display of 3D volumes. The successful initial trials
show the viability of implementing real-time 3D imaging using synthetic aperture focusing.
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