A TWO-DIMENSIONAL AMPLITUDE-STEERED ARRAY FOR REAL-TIME
VOLUMETRIC ACOUSTIC IMAGING

BY
CATHERINE ANN HILLSLEY FRAZIER

B.S.E.E., University of Maryland at College Park, 1994
M.S., University of Illinois at Urbana-Champaign, 1996

THESIS

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Electrical Engineering
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2000

Urbana, Illinois



ABSTRACT

Real-time volumetric ultrasound imaging is difficult due to problems with array
construction and due to the slow speed of data collection. In 1976, a linear amplitude-
steered array was introduced that uses reduced electronics to steer a monofrequency
beam. The current study examines how the linear amplitude-steered array can be
extended to a two-dimensional array operating over a broad range of frequencies to
be used for a real-time volumetric imaging system. First, the properties of the linear
amplitude-steered array are studied, showing that there is a tradeoff between axial
and lateral resolution, unique to this array, that depends on the length of the array.
Second, various time-frequency distributions are surveyed for use in creating an image
from a single received signal. Next, the concepts of imaging with a linear array are
extended to imaging a volume with a two-dimensional amplitude-steered array. The
array design is presented, and it is shown that targets can be localized by using the
frequency separation of the amplitude-steered array in the vertical direction and con-
ventional phased array beamsteering in the horizontal direction. Several methods for
displaying the data are presented, with projection images offering computational sav-
ings. Nonlinear propagation is also discussed, demonstrating that although frequency
of the received signal is equated with position, nonlinear generation of harmonics does
not cause the appearance of false targets in the images. Experimental data are com-

pared with simulations to validate the simulations of the array operation.

iii



ACKNOWLEDGMENTS

There are many people whose support I would like to acknowledge. First, I would
like to thank my research advisor, Professor William D. O’Brien, Jr., for his guidance,
for the many opportunities he has given me, and for providing steady support. I would
also like to thank my committee members, Professor David C. Munson, Jr., Professor
Robert Darmody, Professor John G. Harris, and Professor George Swenson for their
insightful questions and comments, which have greatly enhanced this work. I am
grateful to Dr. Jack Hughes for introducing me to the amplitude-steered array.

I would like to thank the team of the people at the Applied Research Laboratory
at the Pennsylvania State University for sharing results and ideas, in particular, Mark
Geleskie, Scott Brown, and Dave van Tol. The experimental data for this thesis were
collected at ARL. I very much appreciate the help of Mark Geleskie, Pete Tussey, and
Greg Granville for their help on that trip, making sure the array was operational and
positioning targets during the experiments. I am also grateful to Ken and Mechteld
Hillsley and to Jean and Cale Brownstead for letting me stay with them during my
trips to State College.

The people of the Bioacoustics Research Laboratory have supported me through-
out my years here. They are my mentors, teachers, and friends. It has been a pleasure
to work with them. In particular, I would like to thank Wanda Elliot and Sue Clay
for all of their administrative assistance, which greatly reduced the number of things
I had to worry about.

To my friends, informally known as the Maryland mafia, many thanks for insights,

which they may not know they provided, for being there to share holidays and special

v



occasions, and not least of all for babysitting. In many ways, they have made this
thesis possible.

Finally, I am grateful to my family for their encouragement. My parents, Richard
and Audrey Hillsley, and my brothers and sisters have always believed in me. My
son, Philip, always gave me an excuse to play outside on a nice day. My husband,
Victor, is my partner and my friend; we are a great team. At various times, they
have each given me the support I needed to complete this work.

This research has been funded by DARPA under BAA 97-33. This work was
also supported by the American Association of University Women through a Selected
Professions Fellowship from July 1999 to June 2000. This thesis is based upon work
sponsored by the Department of the Navy, Indian Head Division, Naval Surface War-
fare Center under Grant N00174-98-1-0032. Any opinions, findings, and conclusions
or recommendations expressed herin are those of the author and do not necessarily

reflect the views of the Department of the Navy.



TABLE OF CONTENTS

CHAPTER PAGE
1 INTRODUCTION . .o e 1
1.1 Real-Time Three-Dimensional Ultrasound ......................... 2
1.1.1 Medical imaging ....... ..o 3
1.1.2 Sonar iImaging . ........ouueiiteni e 5
1.2 Spatial Frequency Separation.................. ... ... 7
1.3 Organization of This Thesis............. i, 8
2 ONE-DIMENSIONAL AMPLITUDE-STEERED ARRAY .............. 10
2.1 Array Field Pattern ...... ... . 10
2.2 Resolution Tradeoff for Imaging ............ .. ... ... ... 13
2.2.1 Definition of resolution............. ... .. L. 13
2.2.2 Axial and lateral resolution tradeoff......................... 16
2.2.3 Simulation and results ........... ... i 18
2.2.4 Summary of resolution study............ ... ... L. 21
2.3 Time-Frequency Processing for Image Formation .................. 21
2.3.1 Time-frequency distributions.............. ... ... ... ...... 22
2.3.2 Test signal and basis for comparison......................... 28
2.3.3 Results ... 29
2.3.4 Summary of the time-frequency study....................... 30
2.4 Conclusions .. ...t e 31
3 TWO-DIMENSIONAL AMPLITUDE-STEERED ARRAY ............. 42
3.1 Introduction...... ... ..o 42
3.2 Array Design. . ... 43
3.2.1 Linear array design ...... ... 44
3.2.2 Two-dimensional array design............... ... .. ... 44
3.2.3 Alternating element design ................ ... ... ... 45
3.2.4 Random array design ..............iiiiiiiiiiiii 47

vi



3.3 Data Collection and SImulations. ... ... ... 49

3.4 Three-Dimensional Data Set......... ... ... ... ... 20
3.4.1 Horizontal position information ............................. 50
3.4.2 Time-frequency processing .............o.ceeiiieiiiianneann.. ol

3.5 Resolution Analysis ..........ooiiiiiiii i 52

3.6 Image Display. ... ... oo 54
3.6.1 Surface rendering ......... ... ... i 54
3.6.2 Projection and slice images. ..., 55

3.7 DISCUSSION . . .o ettt e o7

EXPERIMENTAL RESULTS . ... e 7

4.1 Description of the Array. ... ... 7

4.2 Data Collection System ....... ... i 78

4.3 Experimental Results........ ... .. 79
4.3.1 Three-pipe target ...... ..o 80
4.3.2 Ladder target ....... ... 82
4.3.3 Cylinder target ... i 84
4.3.4 Shell target ... 85

4.4 ConCIUSIONS . ...\ttt e e 87

NONLINEAR PROPAGATION . ... e 109

5.1 Expected Array Response ............ccoiiiiiiiiiiiiiineian... 109

5.2 Field Simulation.......... ... .. i e 112
5.2.1 Christopher and Parker’s algorithm ................. .. ... 112
5.2.2 Aanonsen’s algorithm ......... . .. ... ..l 114
5.2.3 Simplifying assumptions......... ... 115
5.2.4  Values used in our simulation............. ... ... ... .. ..., 117
5.2.5 Validation of simulations............ ... ... .. oLl 117

5.3 Simulation of Array Operation and Results........................ 118

D.4 Conclusion . ...ttt e 119

CONCLUSION . L e e 128

6.1 Summary of Research Results.............. ... ... ... .. ........... 128

6.2 Future Work . ... o e 131
6.2.1 Environmental factors......... ... ... L, 131
6.2.2 Full two-dimensional amplitude-steered array................ 131
6.2.3 Medical Imaging ...........ooiiiiiiii 132

vii



REFERENCES. . e 133

APPENDIX A: DERIVATION OF PRESSURE EXPRESSIONS. ....... 137

APPENDIX B: SIMULATION CODE ... ... e 141

APPENDIX C: RESOLUTION RESULTS WITHOUT PROCESSING.. 145

APPENDIX D: RESOLUTION RESULTS WITH PROCESSING........ 158

viii



Table
2.1:

2.2:

2.3:

2.4:

C.1:

C.2:

C.3:

C.4:

C.5:

C.6:

C.7T:

LIST OF TABLES

Steering direction and beamwidth for a 9.76-cm, 452-element array de-
signed to steer to 5° at 5.6 MHz. ........ ... .. il

Axial and lateral resolution measurement results for three array lengths:
7.5 cm, 9.76 cm, and 15 cm. Axial resolution was measured from images
formed using the spectrogram with an 8.333-us Hanning window. Lateral
resolution was measured from images formed using the spectrogram with

a 0.147-ms Hanning window. .. ... ... o i

Measured and predicted vertical (out-of-plane) resolution for the 452-
element, 9.76-cm-length linear array. ............ ... ... .. L.

Axial and lateral resolution measurement results for different distribu-

Range resolution in mm for angles 5° — 14°, horizontal angle = 0°.....
Range resolution in mm for angles 15° — 24°, horizontal angle = 0°. ...
Range resolution in mm for angles 5° — 14°, horizontal angle = 15°....
Range resolution in mm for angles 15° — 24°, horizontal angle = 15° ...
Vertical resolution in degrees for angles 5° — 14°, horizontal angle = 0°..
Vertical resolution in degrees for angles 15° —24°, horizontal angle = 0°..

Vertical resolution in degrees for angles 5° — 14°, horizontal angle = 15°..

ix

Page

33

36

38

147
148
149
150
151

152



C.8:

C.9:

C.10:

C.11:

C.12:

D.1:

D.2:

D.3:

D.4:

D.5:

D.6:

D.7:

D.8:

Vertical resolution in degrees for angles 15° — 24°, horizontal angle =

Resolution results with spectrogram processing: range resolution in mm
for angles 5° — 14°, horizontal angle = 0°....... .. ... .. .. .. ... ...

Resolution results with spectrogram processing: range resolution in mm
for angles 15° — 24°, horizontal angle = 0°....... .. .. ... .. .. .. ..

Resolution results with spectrogram processing: range resolution in mm
for angles 5° — 14°, horizontal angle = 15°........ ... .. ... .. .. o ..

Resolution results with spectrogram processing: range resolution in mm
for angles 15° — 24°, horizontal angle = 15°...... ... . ... ... ... . ....

Resolution results with spectrogram processing: vertical resolution in
degrees for angles 5° — 14°, horizontal angle = 0°......................

Resolution results with spectrogram processing: vertical resolution in
degrees for angles 15° — 24°, horizontal angle = 0°.....................

Resolution results with spectrogram processing: vertical resolution in
degrees for angles 5° — 14°, horizontal angle = 15°.....................

Resolution results with spectrogram processing: vertical resolution in
degrees for angles 15° — 24°, horizontal angle = 15°....................

153

154

155

156

157

159

160

161

162

163

164

165



D.9:

D.10:

D.11:

D.12:

D.13:

D.14:

D.15:

D.16:

Resolution results with SPWD processing: range resolution in mm for
angles 5° — 14°, horizontal angle = 0° ....... ... .. ... .. oL

Resolution results with SPWD processing: range resolution in mm for
angles 15° — 24°, horizontal angle = 0°....... ... ... ... . ... ... ...

Resolution results with SPWD processing: range resolution in mm for
angles 5° — 14°, horizontal angle = 15° ....... ... ... ... ..o oLl

Resolution results with SPWD processing: range resolution in mm for
angles 15° — 24°, horizontal angle = 15° ........ ... . ... ... ... . ...

Resolution results with SPWD processing: vertical resolution in degrees
for angles 5° — 14°, horizontal angle = 0°....... .. .. ... .. .. ...,

Resolution results with SPWD processing: vertical resolution in degrees
for angles 15° — 24°, horizontal angle = 0°....... ... ... ... .. .. .. ..

Resolution results with SPWD processing: vertical resolution in degrees
for angles 5° — 14°, horizontal angle = 15°....... .. .. ... .. .. ...

Resolution results with SPWD processing: vertical resolution in degrees
for angles 15° — 24°, horizontal angle = 15°....... ... ... ... .. ... ...

xi

167

168

169

170

171

172

173



Figure

2.1:

2.2:

2.3:

2.4:

2.5:

2.6:

2.7

LIST OF FIGURES

Diagram used to define variables for the derivation of the array field pat-

Beams from a 9.76-cm aperture steered to 5° at 5.6 MHz. Beams are shown
for 5.6 MHz (5°), 4.5 MHz (6.23°), 3.4 MHz (8.25°), 2.3 MHz (12.25°),
and 1.2 MHz (24°). ... oo

Lateral and axial resolution for (a) 1-cm-length and (b) 4-cm-length aper-
tures. The curve shows the steering direction versus frequency. The error
bars indicate the -3 dB beamwidth at each frequency. The vertical lines
indicate how bandwidth decreases when array length is increased........

Images formed using simulated reflections from six simulated targets: (a)
7.5-cm, 374-element array, (b) 9.76-cm, 452-element array, (c) 15-cm, 694-
element array. Time-frequency processing is accomplished using the spec-
trogram with a 50.8-us Hanning window. ............ ... ... .. ... ...

Comparison of calculated and measured beamwidths. Measured values
are given for 7.5-cm-length array (x), 9.76-cm-length array (o), and 15-
cm-length array (+). Calculated values are indicated by the solid lines..

Comparison of calculated and measured axial resolutions. Measured val-
ues are given for 7.5-cm-length array (x), 9.76-cm-length array (o), and
15-cm-length array (+). Calculated values are indicated by the solid lines..

Image produced using the spectrogram. The spectrogram was calculated
with a Hanning window of 590 points or 28.8 pus........... ... ... ... ..

xii

Page

32

32

34

35

37

37



2.8:

2.9:

2.10:

2.11

3.1:

3.2:

3.3:

3.4:

3.5:

3.6:

3.7:

Image produced using the constant-Q) spectrogram. The constant-() spec-
trogram was calculated with a Hanning window containing 141 cycles. ..

Image produced using the Wigner distribution. There were no parameters
available for the optimization............. ... .. ... ... ... ... ...

Image produced using the smoothed pseudo-Wigner distribution. Smooth-
ing in both time and frequency directions was accomplished using filters
with Gaussian shape, @ = 3.4 us and 8 =125.7 x 10® rad/s. ............

Image produced using the Choi-Williams distribution, o = 0.75..........

Array layout for linear array. (a) The cosine (solid line) and sine (dashed
line) phased elements. (b) Cosine and sine phase elements must share
space. (c) In the linear array the sharing is calculated using cosine and
(sine+cosine) functions. ....... .. ...

Array layout for 2D array based on implementation of linear array. Four
grayscale levels represent the four phases for elements: white, cosine;
black, negative cosine; light gray, sine; dark gray, negative sine. .........

Field pattern for 2D array based on implementation of linear array. .....

Representation of the conversion from amplitude-weights to the design of
the two-dimensional amplitude-steered array. To the left of the arrows,
we show the point sources/receivers of the linear array, with the two sets
of weights. To the right of the arrows, we show the row of the array,
corresponding to the point element......... ... ... ... L

Array layout for 2D array with alternating element phases. Four grayscale
levels represent the four phases for elements: white, cosine; black, negative
cosine; light gray, sine; dark gray, negative sine..........................
Field pattern for array with alternating element phases..................
Array layout for 2D array with random placement of four element phases.

Four grayscale levels represent the four phases for elements: white, cosine;
black, negative cosine; light gray, sine; dark gray, negative sine. .........

xiil

40

40

41

41

o8

99

99

60

60

61

61



3.8:

3.9:

3.10:

3.11:

3.12:

3.13:

3.14:

3.15:

3.16:

3.17:

3.18:

3.19:

Field pattern for array with random placement of elements. ............
Array layout for the very sparse random design. Most elements are nulled..

Comparison of very sparse design (dashed line) to the optimal design (solid
line). The main lobes are steered to the same direction and have the same
beamwidth. However, the mean sidelobe level is much higher for the sparse
deSIgn. .o e

Block diagram of simulation. The question mark in the matrix sizes indi-
cates the number of time samples received, which depends on the distance
between the closest and farthest point targets................ .. .. .. ..

Diagram of test target. ...... ... i

View of target as point sources: (a) top, (b) from horizontal, (¢) from
Vertical. ..o

Block diagram of initial processing for image formation. Delays for focus-
ing are applied within the Field IT program. Beamsteering is accomplished
using the Radon transform, which sums through the matrix at different
angles, effectively delaying and summing signals from individual staves. .

Comparision of resolutions for no processing (solid line), spectrogram pro-
cessing (dashed line), and SPWD processing (dotted line), for (a) range
resolution and (b) vertical resolution. For comparison, the dash-dotted
line in (b) shows the horizontal resolution measured with no processing..

Sample images: maximum for each direction with threshold using (a)
spectrogram, (b) SPWD. The target is at 4 m, although that information

is not revealed by the image......... ... ...

Sample images: range of maximum for each direction with threshold using
(a) spectrogram, (b) SPWD...... ..

Sample images: a slice at 6, = 6.29° using (a) spectrogram, (b) SPWD..

Sample images: a slice at a range of 3.86 m using (a) spectrogram, (b)

62

62

63

64

65

66

67

68

69

70

71



3.20:

3.21:

3.22:

3.23:

4.1:

4.2:

4.3:

4.4:

4.5:

4.6:

4.7:

4.8

4.9:

4.10:

4.11:

Sample images: a slice at 8, = 0° using (a) spectrogram, (b) SPWD.....

Sample images: projection images with integration through the vertical
direction using (a) spectrogram, (b) SPWD. .......... ... ...

Sample images: projection images with integration through the range us-
ing (a) spectrogram, (b) SPWD. ... ... ... i

Sample images: projection images with integration through the horizontal
direction using (a) spectrogram, (b) SPWD. ........... ... ..o

Diagram of data acquisition system. ........ ... .. .. ... ..
Linear FM chirp used as transmit signal. ........... .. ... .. .. ...
Ilustration to show axes and angles used to define target positions......
Top, front, and side views of the three-pipes target......................

Images of the three-pipes target (top view). Range versus horizontal angle
(a) simulated, (b) experimental ........... ... ... ... ..

Images of the three-pipes target (front view). Vertical angle versus hori-
zontal angle (a) simulated, (b) experimental ............................

Images of the three-pipes target formed using the spectrogram (side view).
Vertical angle versus range (a) simulated, (b) experimental .............

Images of the three-pipes target formed using SPWD (side view). Vertical
angle versus range (a) simulated, (b) experimental. .....................

Top, front, and side views showing position and orientation of ladder tar-
Images of the ladder target (top view). Range versus horizontal angle (a)
simulated, (b) experimental......... ... .. . i

Images of the ladder target (front view). Vertical angle versus horizontal
angle (a) simulated, (b) experimental ............. .. ... .. ... .. ...

XV

74

75

76

88

88

89

89

90

91

92

93

94

95



4.12:

4.13:

4.14:

4.15:

4.16:

4.17:

4.18:

4.19:

4.20:

4.21:

4.22:

4.23:

4.24:

5.1:

Images of the ladder target formed using the spectrogram (side view).
Vertical angle versus range (a) simulated, (b) experimental..............

Images of the ladder target formed using SPWD (side view). Vertical
angle versus range (a) simulated, (b) experimental ......................

Top, front, and side views showing position and orientation of cylinder ..

Images of the cylinder target (top view). Range versus horizontal angle
(a) simulated, (b) experimental ...... ... ... ... ... ..

Images of the cylinder target (front view). Vertical angle versus horizontal
angle (a) simulated, (b) experimental ............. .. ... ... oL

Images of the cylinder target formed using the spectrogram (side view).
Vertical angle versus range (a) simulated, (b) experimental..............

Images of the cylinder target formed using SPWD (side view). Vertical
angle versus range (a) simulated, (b) experimental ......................

Picture of the bottle-nosed shell target.............. ... ... ... .. ...
Top, front, and side views showing position and orientation of shell target..

Images of the nose target (top view). Range versus horizontal angle (a)
simulated, (b) experimental.......... ... ... .. . i,

Images of the nose target (front view). Vertical angle versus horizontal
angle (a) simulated, (b) experimental ............... ... .. ... ... ...

Images of the nose target formed using the spectrogram (side view). Ver-
tical angle versus range (a) simulated, (b) experimental .................

Images of the nose target formed using SPWD (side view). Vertical angle
versus range (a) simulated, (b) experimental .................... ... ...,

w — k diagram for an array that uses time delays for beamforming......

xvi

98

99

100

101

102

103

104

104

105

106

107



5.2:

5.3:

5.4:

5.5:

5.6:

5.7:

5.8:

5.9:

5.10:

5.11:

A.1:

w — k diagram for the amplitude-steered array, which uses amplitude-
weighting for beamforming ........ .. .. .

Spatial and temporal filtering properties of the amplitude-steered array..

Spatial and temporal filtering properties of an amplitude-steered array,
with the same length, but fewer elements...............................

Spatial and temporal filtering properties of an amplitude-steered array
with shorter length and fewer elements ............ . ... ... ... ... ...

Comparison of simulated results (solid lines) with Christopher’s results
(dashed lines). The fundamental (considered the first harmonic) and two
harmonics are shown ......... .. . .

Comparison of simulated results (solid lines) with results from Aanonsen’s
algorithm (dashed lines). The fundamental (considered the first harmonic)
and two higher harmonics are shown............ ... .. .. ...

Signal generated by simulation of nonlinear propagation: (a) time signal,
(b) harmonic components. . ...... ...t

Fourier transform of the received signal using the low frequency amplitude-
SteETed ATTAY . .. ottt e

Fourier transform of the received signal using the low frequency amplitude-
steered array. Interelement spacing has been increased without increasing
the total length of the array, so that grating lobes are present...........
Fourier transform of the received signal using the low frequency amplitude-
steered array. Interelement spacing has been decreased changing the total

length of the array by a factor of 8, so that beamwidths are greater.....

Definition of variables for derivation ...........cooei ...

174

121

122

122

123

123

124

125

126

126





