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ABSTRACT 
Limited Waction beams such as Bessel beams and 

X waves have large depth of field and could have applica- 
tions in medical ultrasound and other wave related areas. 
However, they are usually produced by annular arrays 
which have to be scanned mechanically. In this paper, the 
production and steering of the limited diffraction beams 
with a two-dimensional array are studied. Results show 
that good limited diffraction beams can he produced if the 
size of the array elements is small and the array aperture 
is compensated so that the projection of the aperture on 
a plane perpendicular to the beam axis is a constant an- 
nular ring pattem. The electronic system for controlling 
the twedimensional array is described and methods to 
simplify it are proposed. 

I. INTRODUCTION 
Pencil thin beams are ideal for doing high-resolution 

~maging. Rezenlly discovered limited affraction hems 
such as Localized waves [I-21, Bessel beam [3-71 and X 
waves [&lo] have this property. They have pencil-like 
main lobes and descending sidelobes and can propagate to 
in6nite distances without spreading provided that they are 
produced with an in6nite aperture. When produced with 
a finite aperture, the beams continue to have large depth 
of field. Therefore, these beams could have apphcations 
in medical ultrasonic imaging 111-121, blologic tissue 
characterization [13], and nondestructive evaluation of 
materials 11&151. 

We have produced high-resolution pulse-echo images 
of a tissue equivalent phantom (Model RMl413A) wth a 
large depth of field using a Jo Bessel beam [Ill. The Jo 
Bessel beam was produced by an annular m y  transducer 
with a special annuli positioning [61. However, the an- 
nular array can only be scanned mechanically and cannot 
be apphed to conventional phased array Doppler lmaging 
systems. 

In th~s paper, we report the design of two-dimensional 
arrays [1&18] for producing and steering limited d i i ac -  
tion beams. In Section 11, methods of steering the limited 
diffraction beams with a two-dimensional array will he 
described. Section III reports simulation results. Section 
IV introduces a suggested sector scan system and Sec- 

tions V and VI give a brief discussion and a conclusion, 
respectively. 

11. STEERING LIMITED DIFFRACTION 
BEAMS WITH A TWO-DIMENSIONAL ARRAY 

To produce the limited d i i t i o n  beams, the ele- 
ments of two-dimensional arrays will be grouped into a 
number of rings, each of which will he driven with a dif- 
ferent waveform. For Linear scans of the limited diffrac- 
tion beams, the annular rings will be shifted one element 
at a time in the scan direction (see Fig. I(a)). 
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Fig. Schematic diagrams for producing the limited 
diffraction beams with two-dimensional arrays. (a) Scan- 
ning the limited diffraction beams linearly by shifting the 
annular ring pattem one element a time along the scan 
direction (b) Steering the limited diffraction beams in a 
sector format. The aperture of the array is compensated 
so that the projection of the aperture on a plane perpen- 
dicular to the beam axis is a constant annular ring pattern. 

To steer the limited diffraction beams in sector for- 
mat, the projection of the apature of the two-dimensional 
array on a plane perpendicular to the beam axis must be a 
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constant annular pattern (Fig. I@)), otherwise, the limited 
diffraction beams produced will have severe distortions 
(see next Section). 

Transverse and axial line plots of a Jo Bessel beam. 
14 rings are grouped from the twedimensional array 
elements and 14 drive waveforms are used to produce 
the beam. Full lines, dotted lines, dashed lines and long 
dashed lines correspond to steering angles of 00, f lSO,  
f300, and M5O, respectively. Panels (1) to (3) are results 
when the aperture of the array is compensated so that its 
projection on the plane perpendicular to the beam axis 
is a constant annular ring pattern (aperture compensated). 
F'aneIs (4) to (6) are the results when the ring pattern of the 
array is not compensated (fixed aperture). Panels (1) and 
(4) are transverse (perpendicular to beam axis) line plots 
of the maximum magnitudes of the beam in scan duection 
at a distance Z = 100 mm along the beam, while panels 
(2) and (5) are the plots in elevation direction. Panels 
(3) and (6) are peak magnitude of the beam along the 
beam axis from 6 to 400 mm away from the surface of 
the transducer. 

m. s a n n ~ n o ~ s  AND RESULTS 
The following will show line plots of simulated lim- 

ited diffraction beams in a sector scan at several steering 
angles covering an arc of M5" with and without the aper- 

ture compensation in the scan direction. For compcnisnn, 
a Gausslan beam is also simulated. 

In the simulation, a twodimensional array with a 
central frequency of 3.5 MHz and a largest diameter of 
the projected annular ring pattem of 25 mm (projected 
to the plane perpendicular to the beam axis) is assumed. 
The -6 dB one-way bandwidth of the array is assumed 
to be about 82% of the central freqnency and the sue of 
the elements of the array is 0.64 mm x 0.64 mm (about 
1.5X x 1.5X. where X = 0.43 mm is the wavelength ofthe 
beams in water). 14 rings (annular or elliptic) are grouped 
from the array elements and each ring is driven by a 
different waveform. Linear delays are applied to the m y  
elements in the scan direction to steer the beams. Discrete 
summation is used to replace the continuous integration of 
the Rayleigh-Sommerfeld formulabon of diffraction [19] 
to calculate the beams. 

The simulation mults of a J o  Bessel beam (Jo(olr), 
where a = 1.21751 mm-' is a scaling factor and r is a 
rad~al dlstance of the projectedring pattern) [6] steered by 
the twedimensional array in a sector format are shown 
in Fig. 2. The beam is steered at 0". +15", f300, and 
MS", respectively. The upper 4 panels show transverse 
line plots of the beam and the bottom two panels are 
the magnitudes of the beam along the beam axis. The 
transverse line plots are obtained by finding the maximum 
magnitudes of the beam in the direct~on of the beam axis 
and plotting them versus the transverse axes either in scan 
direction (Figs. 2(1) and 2(4)) or in elevation direction 
(Figs. 2(2) and 2(5)). The left panels of Fig. 2 represent 
the plots when the aperture of the array is compensated 
in the scan direction so that the projection of the ring 
patterns of the aperture on the plane perpendicular to the 
beam axis is a constant annular ring pattern. The right 
panels of Fig. 2 show the results of a fixed aperture ring 
pattem (not changed with the steering angle). 

Figme 3 has the same format as that of Fig. 2. It 
shows the results of a zeroth-order X wave (the parameter 
of the X wave is a. = 0.05 mm and 6 = 4') [8]. With 
the above parameters, the -6 dB beam width of the main 
lobes of the Bessel beam (Fig. 3) and the X wave (Fig. 4) 
wlll be about 2.5 mm and 2.8 mm, respectively. Figure 4 
has also the same format as that of Fig. 2, but it represents 
the results for a focused Gaussian beam (FWHM-full 
width at half maximum is 12.5 mm and focal length is 
100 mm). 
N. A SUGGESTED SECTOR SCAN SYSTEM 

It is seen from the simulations above that the limited 
diffraction beams will have only small distortion if the 
change of the projection of the aperture of the army on 
the plane perpendicular to the beam axis is small (a few 
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The number of elements of a two-dimensional m y  
required for steering the limited d i i t i o n  beams is usu- 
ally large (about 1700 elements in the above example for 
steering angle from -45' to +4S0). For linear scans, the 
number is even larger. However, the number of wires can 
be reduced by half because of the symmetry of the beams 
in the elevation direction. The large number of elements 
of the anay make the wire connections and the associated 
electronic systems very complex (Fig. 5). 
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Block diagram of electronic system for controlling 
the two-dimensional m y  to prduce and steer the limited 
difhction beams. The 14xhannel transmitter provides 
14 waveforms which are used to drive the conventional 
annular anay to produce the limited diiraction beams. 
Through the switching box, the drive signals are sent 
to one of the ring patterns which is selected accordimg 
to the steering angle of the beams. Each ring pattern 
covers a fi% change of the projection of the aperture on 
a plane perpendicular to the beam axes, i.e., +(W-25"). 
+(25°-340), t(34°-W),andf(40"-450). The 4 patterns 
correspond to the beam steering at +18', *3W, k37', and 
543". respectively. Each patternis linearly delayed before 
the waveforms are sent to the transducer elements to steer 
the beams. In receive, the signal flow direction is reversed 
and the conventional dynamic focusing is used. 

The large number of array elements increases the 
possible cross-talk among the elements. To reduce the 

cmss talk, PZT ceramics/polymer composite materials 
may be used to constmct the array. 

IV. CONCLUSION 

Steering the axially symmefnc limited diffraction 
beams with a two-dimensional m y  is feasible m prin- 
ciple if the size of the array elements are appropriately 
small and the aperture of the m y  is compensated so that 
the projection of the aperture on a plane perpendicular to 
the beam axis is a constant annular ring pattern as Ule 
beam steers. 

If 3 5 %  change of the projection of the ape- is 
allowed, only 4 elliptic ring patterns are required to cova 
a steering angle from -45O to +4S0 (total change of the 
projection of the aperture will be about 40%) to simplify 
the associated electronic system. 
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