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Abstract-The newly developed limited diffraction beams such 
as the Bessel heams and X waves have a large depth of field 
and approximate depth-independent property. They have possible 
applications in medical imaging, color Doppler imaging, tissue 
characterization, and nondestructive evaluation of materials, and 
in other wave related physical branches such as electromagnetics 
and optics. However, limited diffraction beams are currently 
produced with an annular array transducer that has to be 
steered mechanically. In this paper, we study the feasibility of 
steering these beams with a two-dimensional array, and show 
that there will he almost no distortion of beams if the effective 
aperture reduction of the array is properly compensated so 
that the heams have a constant transverse profile as they are 
steered. In addition, methods for reducing the complexity of the 
electronic multiplexing of the array elements are proposed. We 
also investigate the influences of the interelement distance and the 
size of array elements on the sidelobes and grating lobes of limited 
diffraction beams as the beams are steered. They are similar to 
those previously reported for conventional beams. 

I. INTRODUCTION 

T HE FLRST limited diffraction beam called the Bessel 
beam was discovered by Dumin in 1987 [I]. Later, 

families of new limited diffraction beams have been discovered 
[2]-[6]. Theoretically, limited diffraction beams are produced 
with an infinite aperture radiator and energy and would prop- 
agate to an infinite distanee without spreading. In practice, 
although limited diffraction beams can only be approximately 
realized with a finite aperture, they have a large depth of field 
and approximate depth-independent property [7]. Because of 
these features, limited diffraction beams may have applications 
in medical imaging [8]-[17], real-time color Doppler imaging 
1181, tissue characterization [191. nondesmctive evaluation 
of materials [20], and other wave related physical branches 
such eletromagnetics [21]-[26] and optics 111, [7], 1271-[35]. 
Further details of limited diffraction beams and their trade- 
offs among the beam parameters such as sidelobes, resolution, 
frame rate, central frequency, bandwidth, aperture, and depth 
of field can be found in a review paper by Lu et a/. [36]. 
Another technique to produce beams of large depth of field is 
called Axicon 1371-(391. Beams produced by the Axicon do 
not satisfy a propagation-invariant solution of the scalar wave 
equation even if it was produced by an infinite aperture and en- 
ergy. The failure of the application of a large Axicon [40] (15 
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cm in diameter operated at 4 MHz) on clinic breast imaging 
might be caused by the phase aberration of tissues [41],[42]. 
A detailed comparison of Axicon to limited diffraction beams 
has been reported in [36]. 

One way to approximately produce rotary symmetric limited 
diffraction beams is to use an annular array transducer 131, 
181-1121. The advantage of annular arrays is their relatively 
few elements (from a few to about a dozen in medical 
imaging), and thus can be driven with simple electric cir- 
cuitries. However, annular arrays can only be scanned [lo], 
[ I l l  or steered mechanically (with a wobbler) [a]. Although 
a mechanically scanned or  steered transducer produces high 
quality beams (maintaining low sidelobes, grating lobes, and 
small beamwidth, etc.) at any steering angle if refraction at 
the interface between the coupling medium and the skin is 
controlled [43], [44], i t  has the following disadvantages: The 
imaging frame rate is limited by the inertia of the transducer 
and its motor system; it is difficult to maintain a constant 
steering or scanning speed over the entire sweeping area; the 
probe (consisting of a transducer and motor system) vibrates 
when it is operated; the probe is subject to mechanical wear; 
and it is difficult to start and stop the transducer to shoot a 
beam several times in each transducer position as is desired in 
real-time color Doppler imaging [18]. 

Electronic beam scanning or steering can avoid the above 
disadvantages although it may have new problems such as 
grating lobes as well as the effective aperture reduction of 
transducers. I t  can be performed with one- or 2-D array 
transducers by applying linear delays to the electric signals 
of array elements or simply multiplexing a group of elements 
in the scan direction. One-dimensional arrays arrange elements 
in a line. They are widely used in modem commercial scanners 
for medical diagnosis because of their relatively fewer number 
of elements 1451. However, it is rather difficult for l-D arrays 
to scan M focus beams electronically in an elevation plane 
of the arrays (a plane which is perpendicular to the scan 
plane that is defined by the line of elements and the axis 
of the arrays). In contrast, 2-D arrays arrange elements in a 
plane and thus can scan and focus beams electronically in any 
plane. They have been studied for conventional beams in slice- 
thickness reduction, volumetric imaging, and phase-aberration 
correction [46]-[49]. Because limited diffraction beams have a 
2-D transverse profile, it is possible to produce, scan or steer 
them with a 2-D array. 
In this paper, we study the feasibility of scanning or steering 

electronically limited diffraction beams with a 2-D array. As 
beams are steered off the normal axis of arrays, the area 
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of the effective aperture of the arrays (the projection of the 
array aperture on the plane that is perpendicular to the beams) 
is reduced in the scan direction. The area reduction has a 
significant impact on the production of limited diffraction 
beams with 2-D arrays. Therefore, it is important to study 
compensation of the reduction of the area of the effective 
aperture and to simplify the complex electxonic multiplexing 
resulting from the aperture compensation. Furthermore, influ- 
ences of the interelement distance and size of elements of the 
arrays on the sidelobes, gratinglobes, and distortions of limited 
diffraction beams, as well as their relations to steering angles 
are investigated. For the purpose of comparison, a focused 
Gaussian beam1 [50] is also produced with the same arrays. 

In Section 11, we describe the scanning and steering of lim- 
ited diffraction beams with a 2-D may  transducer. Formulas 
for computer simulations and results are reported in Section 
111. Discussion and conclusion will be given in Sections IV 
and V, respectively. 

II. SCANNING OR STEERING LlktKED DIFFRACTION 
BBAMS WITH A TWO-DIMENSIONAL ARRAY TRANSDUCER 

A. Theoretical Limited Diffraction Bedms 

Limited diffraction beams are special types of solutions to 
the isotropic/homogeneous scalar wave equations [51], [SZ]. 
By limited diffraction we mean that traveling with the beams 
in their propagation directions, one sees no change in the wave 
patterns. This implies that limited diffraction beams would 
propagate to an infinite distance without spreading provided 
that they were produced with an infinite aperture and energy. 
Two particular limited diffraction beams, the Bersel beams and 
X waves, are given by the formulas [I], [Z], [53] 

and 

respectively. In (1) and (2), @J,,,(.) and @~BB,( . )  represent 
acoustic pressure or velocity potential, m is a nonnegative 
integer, J , ( . )  is the m.th-order Bessel function of the first kind, 
a denotes a scaling factor, @ = -, in which k = w / c  
is the wavenumber, w = 27rfo is the angular frequency and fo 
is the central frequency, c i s  the speed of sound in the medium, 
r'= ( r ,  4, z )  represents a point in space, T = is the 
radial distance from the wave axis, 4 = tan-' (gla) is the 
azimuthal angle in a transverse plane of beams, z is the axial 
distance, and t is time. Furthermore, M = ( r s i n ~ ) '  + r2, 
where 7 = 104 - i ( ~ :  cos ( - ctr)], a0 is a constant that controls 
the decay of the high-frequency components of X waves, and 
C is the Axicon angle. 

To produce a broad-band Bessel beam, an electric 6-pulse 
(where b = 6(t) is the Dirac-Delta function) can be applied 

'We chwse tho focused Gauss~an beam as a representauve of convenuonal 
focused beams because of its well behaved beam shapes m the space 
Therefore, the results oi the analysrs obtained from one depth may be exlended 
to others 
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Ftg. I. Scanning or steering limited diiraction beams with a 2-D may 
msducer. The elements of the m y  are grouped into annular or elliptic 
rings. The same elecwicd drive signal is applied to each ring. (a) A 2-D amy 
is used fnr a linear scan. (b) A 2-D amy perfarms a sector scan by adding 
linear delays along the scan direction. The ring pattern is changed each time 
beams are steered to a new direction to compensate the effective aperture 
rcduclion of the may. (Modified with permission form Fig. 1 of [62]). 

to drive the transducer. Suppose that the transmithng transfer 
funchon of the transducer is B ( w ) ,  the resultmg Bessel pulses 
and X waves are given by [54] 

and 

respectively, where "BL" stands for band-limited because the 
bandwtdth of a pract~cal transducer is always finite, 3-I 

represents the inverse Founer transform, and "*" represents 
convolution with respect to time. 

B. Limited Diffraction Beams Produced with a Flnite Aperture 

In practice, limtted didfrachon beams can only be produced 
with a finite apemrre transducer and thus have a finite depth 
of field. If the radlus of the transducer is a, the depth of field 
of the Bessel beams and X waves are given by [I], [2] 

and 

XZ,., = a cot C, (6) 

respect~vely 
The acoustic pressure or velocity potential of limited dlffrac- 

tion beams produced with a finite aperture transducer a1 any 
spatial point (field po~nt)), r'o = (TO, 40, z) (TO = 
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and $0 = tan-' (yolro)), can be obtained with the Rayleigh- 
Sommerfeld d i ac t ion  formula [55] 

where the fust and second terms represent the high and low 
frequency conmbutions, respectively (m most applications, the 
second term 1s neghg~ble), 6 = (TI, $1,0) (TI = a 
and $1 = tm-' (yl/xl)) 1s a point on the surface of the trans- 
ducer (source point), X 1s the wavelength, ro l  is the &stance 
between the field and source points, and g ( 6 ,  w) and s(6, w) 
denote the temporal Fourier transform of the fields evaluated 
at the field and source points, respectively. For the Bessel 
beams and X waves, the we~ghtlng functlnns, @(<,w), are 
the temporal Fourier transform of (3) and (4), respectively, 
evaluated at i = 0 [2]: 

and 
- 211 - 
@x, (6, U) = -eZrnd1~(w) J,(~T-I sin ()H(w)e-"0, (9) 

C 

where H(w) is the Heaviside step function [56]. 

C .  Producmg Limited D~ffrachon Beams w ~ t h  
an Annular Array Trawducer 

For rn = 0, the zeroth-order limited diffractlnn beams m 
(1) and (2) or in (3) and (4) are rotary symrnetnc. Such rotary 
symmetric limited diffraction beams can be approximately 
produced wlth an annular array transducer [3]. [lo], [Ill .  
Because an annular array iransducer has nnly a finite number 
of elements, the aperture weighttng functions glven by (8) and 
(9) must be approximated with ptecewlse functions along the 
radial distance, i.e., z(&, w )  = @(rl,, 41, w) if rl, 5 TI < 
T ~ ( , + ~ ) ,  where n = 0,1,2, . , N -1 and N is the number of 
elements. Note that for N + CQ and rnm(Arl,) i 0, where 
AT,, = T,,,+,, - r,,, the piecewise we~ghting functions are 
  den tical to the exact ones. In princ~ple, the number of required 
elements depends on the spatial frequency of the weighting 
function along the radial distance. A h~gher spat~al frequency 
requues a higher ~ p a h d  sampling rate and thus a larger number 
of elements 1571. For a Bessel beam, three elements equally 
spaced in each lobe of the functron, IJo(arl)(,are usually 
enough. An X wave that has the same -6 dB man beamw~dth 
as the Bessel beam can also he produced with the same annular 
array wth little distomnn. As an example, a 14 element broad- 
band annular array transducer has been used to produce a high 
resolution Bessel beam and X wave for real-hme medical 
imaging 181. The transducer has a diameter of 25 mm and 
central frequency of 3.5 MHz. The Bessel beam and X wave 
were produced with the following parameters: for the Bessel 
beam, a = 1217.51 mP1, -6 dB lateral beamwidth is about 
2.5 mm, and depth of field 1s about 150.0 mm m water; for the 

X wave, a0 = 0.05 mm, C = 475', -6-dB lateral beamwidth 
is also about 2.5 mrn (depends on the central wavelength and 
Axicon angle of the X wave), and depth of field is about 
150.43 mm. The posihons of the 14 elements of the amular 
array are detemuned by JJo(olrl)l that has about 5 lobes. In 
each lobe, there are three equally spaced elements except the 
central lobe where there are two equally spaced elements. To 
produce the above Bessel beam and X wave, each element 
of the annular array is driven w~th  a funchnn calculated from 
(3) and (4), respectively, with a = 0 and TI = TI,, where 
n = O,l, 2 , .  -. ,13. Consequently, a total of 14 transmlmng 
waveforms or channels are reqmred for the above annular 
array. 

D. Scanning or Steering Limited Diffraction Beams 

Although annular arrays can be used to produce limited 
diractinn beams with a small number of array elements, they 
can nnly he scanned or steered mechanically. The mechanical 
scanning or steering has the disadvantages such as low imaging 
frame rate, inconstant beam sweeping speed, probe vibration, 
mechanical wear, and causing artifacts in real-time color 
Doppler imaging [la]. Hence, it is desirable to scan or steer 
limited diffraction beams electronically. To perform electronic 
scanning or steering, 1- or 2-D arrays are employed. Because 
limited diiactinn beams discovered thus far have a 2-D 
transverse profile, it is natural to use a 2-D array. 

One way to scan or steer limited diffraction beams while 
still using the small number of drive waveforms is to group 
the elements of 2-D arrays into annular rings corresponding to 
annular arrays. To obtain a good approximation of annular 
arrays from 2-D arrays, the size of the elements must be 
smaller than the width of each annular ring. In addition, 
the number of elements must be large enough so that the 
interelement distance is small to ensure low grating lobes [46]. 
For the specifrc example of the above 14 element annular array, 
the average width of the ring is about 0.89 mm (2.08X). In 
this case, the number of elements is determined mainly by the 
consideration of low grating lobes. 

In medical imaging applications, several types of scans are 
available, such as, linear, curved l ined ,  and sector scans. 
Here, we only discuss the linear and sector scans. The linear 
scan sweeps beams along a line without changing beam 
directions. The sector scan steers beams in a sector format 
with the apex of the sector fixed on or behind the center of 
the hmsducer surface. A scheme for the linear scan of limited 
diffraction heams is illustrated in Fig. l(a), where an annul& 
pattem is formed electronically by the elements of a 2-D m y  
and is moved along the long axis of the array one element at 
a time. It is obvious that the farther the beams are swept, the 
larger the size of the array will be. For sector scan (beam 
steering), an annular pattern is also formed electronically by 
the array elements. However, beams are steered to a different 
direction by properly applying linear time delays to the signals 
of the elements in the scan direction. The number of elements 
required for the sector scan is usually smaller than that for 
the linear scan because the aperture for the secto'r scan is 

'A curved lanear scan is a vanauon of a hear scan and 11 employs the 
=me rncchanlsrn to scan the beam as that in a linear scan 
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Fig. 2. Comparison of a one-way zero&-order Bessel beam produced and steered with a 2-D army transducer with (panels in the left column) and without 
(panels in the right column) the compensation of the effective aperture reduction. The array is assumed to be composed of elements of infinite small size 
(point elements). The beam is steered at four angles: 0' (full lines), i15" (dotted Lines), f i O O  (dashed lines), and k4S0 (long dashed lines). me axial 
disrance from the center of the array to the center of the Bessel prrlse is 100 mm. The panels in the &st row fmm the top are plots of the maxima of 
A-lines versus the axis (fram -12.5 to 12.5 mm) that is perpendicular to the beam axis and in the scan plane (the plane defined by the beam axis and 
the scan direction). The panels in the second row from the top are plots of the maxima of A-lines in the arc ship ddenned by a radius from 87.5 mm to 
112.5 mm fron~ the array center Versus the azimuthal angle from -53' to 53* in the scan plane. The panels in the third row from the top are plots of 
the maxima of A-lines versus an axis (from -12.5 to 12.5 mm) that is perpendicular to the scan plane (elevation direction). The panels in the bottom 
row are plots of the pe&s of the Bessel pulses along the beam axis from 6 to 400 mm. 

smaller [Fig. l(b)]. Although a smaller aperture 1s used for 
the sector scan, the viewing areas are larger with deeper depth. 
The sector scan 1s especially useful where the size of acoustic 
w~ndows arelimited, e.g., in cardiac imaging. In this paper, we 
emphas~ze the sector scan scheme with a 2-D array transducer. 

E. Compensaron for Effectfve Aperture 
Reduction of Transducer 

One of the disadvantages of electronic sector scanmng 1s 
that the area of the effective aperture of arrays is reduced as 
beams are steered off the array axis. This results ~n lower 
quality images in larger steering angles. This can be roughly 

~llustrated with human eyes that see clearer in a straight ahead 
direction and less clearly to the sides if the eyes and the head 
do not move. To compensate the effective aperture reduction, 
we suggest to use a varymg aperture array that increases as  
aperture in the scan direction as beams steer so that the cross- 
section of the beams remains constant Fig. l(b)]. For the 
mtary symmetric hmited d'iaction beams, this implies that 
the annular pattern formed by the elements of a 2-D array 
is stretched Into an elLiptic pattern in the scan direction The 
major axis of the elliptic pattern changes each time the beams 
are duected to a new position. In the next sectton, we w~ll show 
the Influence of the effective aperture reduction on the limited 
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diffraction beams and the efficacy of the area compensation 
method. 

111. SIMULATTON AND RESULTS 

A. Approximatron and Quantization of 
Rayle~ghSommerfeld Dlffinction Formula 

The Rayleigh-Sommerfeld diffraction formula (7) can be 
used to calculate fields of any aperture weightings. For a 2- 
D array, it can be rewritten as (neglect the second term and 
assume that the elements of the array are rectangular) 

where C C  is a 2-D summation over all the elements of 
P "  

the array, w,, and w,, are widths of elements ~n the lateral 
(XI) and vert~cal ( y ~ )  d~rections on the ttansducer aperture, 
(XI,, ?/I") denotes the coordinates of the center of the element 
in the vth row and kth column, and 6@*(w)  1s a stepwlse 
weighting funct~on that is equal to 6 ( ~ ~ , , ~ 1 , , ~ )  for the 
element centered at (zip, y l v ) ,  and sat~sfies - simultaneously - the 
annular or ellipt~c nng constraint, i.e., @,,(w) = Q(r1,, d l ,  w )  

2 2 
when % / a  5 \/(xl,/a,) + ( y ~ , / a )  < r l(,+l)/a, in 
whlch a, and a are the major and mlnor axes of the elliptic 
rings (for annular rings, a, = a). If a 2-D array is composed 
of po~nt elements (point source elements), the above Rayleigh- 
Sommerfeld dlffractlon formula can be qnanhzed 
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where T ~ ~ , ,  is the distance between the point element at 
(XI,, y ~ , ,  0) and the field point at (xo, yo, z) ,  or 

The Rayleigh-Sommerfeld diffraction formula in (10) con- 
tains double integrals and thus IS time consuming in computa- 
tion. With the Fresnel approximation 1551, the double integrals 
can be simplified to two single ones. This is done as follows. 
The distance between the source and field points tn (10) is 
given by 

To1 = t / ( X l  - ~ 0 ) '  + (311 - ~ 0 ) ~  + z2 (13) 

With the snhstitutions of variables, XI = XI, + Azl  and 
yl = ylV+Ayl, the above sonrcefield d~stance is simphfied to 

if the cond~tion, 2Axl(zl, -xo) + 2Ayl(yl, - yo) + 
( A Z I ) ~ + ( A ~ I ) ~  << T ; ? ~ ,  is satisfied. Substituting (14) into 
the phase term andreplaclng rol  with ~ ~ 1 , ~  In the denominator 
of (lo), one obtains the following 

To steer beams m the lateral (XI) direction, (lo), (ll) ,  or 
(15) must be multiplied with a quantized linear phase term, 
e-Ek511i5me , Inside . the summations, where 0 is the angle 
between the beam axis and the array axis. After obtaimng 
the continuous wave (CW) fields from (lo), (1 I), or (IS), for 
all frequency components, broad-band beams can be obtained 
by the inverse Fourier transform. 

B.  Results 

In the following, we will show influences of the effective 
apertnre reduction on beams that are steered electronically with 
a 2-D array. We also show the effects of the interelement 
distance and size of elements on the sidelobes, grating lobes, 
and mam beamwidth of limited diffractlon beams and their 
relationships to the steering angles. 

The zeroth-order Bessel beam and X wave that have the 
parameters as those in sectlon I1 .C and are produced with 
a 2-D array consisting of polnt elements are shown in Figs. 
2 and 3 (calculated w~th (11)). respectively. These beams are 
obtalned at z / D  =4.0, where z and D denote the axial dtstance 

(100 mm) and diameter (25 mm) of the may in the elevation 
direction (yl direct~on), respectrvely. The 2-D array has the 
same interelement distance (0.64 mm) in both the lateral (scan) 
and eIevation directions, i.e., dz, = d,, FZ 1.5X, and the 
elements of the array are grouped into 14 annular or ell~pttc 
rings depending on the steering angle and are dmen by 14 
waveforms. The drive waveforms for the Bessel beam and 
X wave are calculated from (3) and (4), respectively, with 
z = 0, m = 0, and T = rim, where rl, (n = 0,1,. - ,13) are 
the central radii of the annular nngs in the transverse plane 
of the beams (projected from the array aperture), or calculated 
from the spectra of these waveforms, (8) and (9), respectively. 
The transmitting transfer functlon of the transducer, B ( w ) ,  in 
(3) and (4), or m (8) and (9), a assumed to be a Blackman 
wlndow function3 1571 peaked at fo = 3.5 MHz. w~th a 
relatlve bandwidth of about 81% (-6 dB one-way bandwidth 
divided by the central frequency). F~gs. 2 and 3 show that the 
beams are hstorted greatly if they are steered with a fixed 
aperture array (right columns). When steered with a variable 
aperture array that 1s properly compensated for the effective 
aperture reduction, the beams have almost no d~stortions (left 
columns). As a comparison, a focused Gaussian beam that 
is also produced w~th  14 drive waveforms (pulses with the~r 
amplitudes determined by a Gaussian function evaluated at 
rl,) and with the same fixed-aperture or aperture-compensated 
2-D arrays is shown in Fig. 4. The Gaussian beam has a 
lateral full-width-at-half-maxlmum (TWHM) beamwldth of 
about 12.5 mm (equal to the radius of the m a y  in the elevation 
duection) at the surface of the transducer and a FWMH of 
about 3.03 mm in the focal plane (the focal length. P, IS 100 
mm, or the f-number, F/D. is 4.0). Wtth a fixed aperture, the 
beamwidth of the focused Gaussian beam is greatly increased 
in the scan dxection because of the effective aperture reductron 
and is almost unchanged in the elevation d~rectlon. Thls 1s 
different from the hm~ted diffractlon beams (Figs. 2 and 3) 
and Indicates that the two orthogonal lateral d~rections of 
conventional beams are uncoupled. It also worth noting that 
the focal length is decreased as the steering angle is increased 
(Panel (4) of Fig. 4) due to the fact that the curvature of the 
wavefront in the scan direction ts increased (assuming that 
focusmg delays are fixed for the array elements). 

Similar to the case of 2-D arrays for conventional beams 
[46], the interelernent distance of the arrays also affects the 
grattng lobes of l~mited drffraction beams. The magmtude of 
the grating lobes 1s mcreased and the distances between the 
grating lobes and mainlobes are decreased as the interelement 
distance of the arrays Increases. This fact can be Illustrated 
by Figs. 5 to 7 (calculated also from (11) by assumlng that 
the arrays are composed of point elements and have been 
properly compensated for the effective aperture reduction) 
for the zeroth-order Bessel beam, X wave, and conventional 
focused Gausstan beam, respectively. In particular, wlth the 
tnterelement dlstance of 1.28 mm (d,, = d,, ;r? 3.OX), the 
gratmglobes become so high and so close to the mainlobes that 

3We have found that the simulations are very close to the experiment when 
a Blackman window function is used to model the transfer function of an 
actual resonant-type transducer [Ill. Other window functions, such as the 
Gaussian function, should produce similar results. 
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Pig. 4. Comparison of a one-way focused Gaussian beam (the focal lenglh is 100 mm and the FWHM is 12.5 mm at the transducer apemre in the elevation 
direction) produced and steered with a 2-D array tmsducer with (panels in rhc left column) and witbout (penel8 in the right column) the compensation of 
the efktivc apenure reduction. This figure has tile same format and is obtained under Ule same array conditions as thosc of Fig. 2. 

they even increase the sidelobes. In this case, the ~nterelement 
distance is even greater than the average distance between 
the annular rlngs (about 2 OXX) in the elevation d~rect~on. 
In contrast, when the interelement d~stance decreases to a 
c e w  value, say, 0.16 mm (&, = d,, = 0 37X), the 
grating lobes are moved so far away from the mainlobes 
that they cannot he seen from Figs. 5 to 7 (Panel (4)). 
Because the numbw of the elements of a 2-D array for 
a given aperture 1s inversely proportional to the square of 
the interelement distance, one mnst compromise between the 
number of elements and the grating lobes. In h s  paper, we 
choose the mterelement distance to be 0 64 mm (about 1.5X) 
to ensure that the magnitude of the one-way grating lobes are 
at least 20 dB below the peak of beams and the grating lobes 
are separated from the maln lobes (Panel (2) of F~gs. 5 to 7). 
For this speclfic mterelement distance, the m~n~mum required 

number of array elements is about 1700 when steered from 
-45" to +4S0 with the compensation of the effective aperture 
reduction (This number of elements may he further reduced 
as will be shown in the next section.) It is well known that 
the magnitude of the grating lobes of a CW dliven may  is 
about the same as that of the mainlobe [58] .  However, the 
magnitude of the grating lobes in Figs. 5 to 7 are much lower 
than that of the mainlobes. This is because the beams in Figs. 
5 to 7 are broadband, which will in general reduce the number 
of array elements contributing coherently to the grating lobes 
than to the mainlobes 1451, [46]. 

In addition to the influence of the interelement distance, the 
size of array elements also has significant influence on the 
array performances. To illuswate this fact, we plot in Figs. 
8 to 10, respectively, the zeroth-order Bessel beam, X wave. 
and focused Gaussian beam produced with a 2-D array of 
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Fig. 5. Inlluence of interelement aistanccs of a 2-D array on grating lobes of a one-way zeroth-der Bessel beam at four steering angles: O0 (full tines), +IS0 
(dotted lines), 330" (dashed lines), and t45' (long dashed lines). The anay is assumed to be composed of elements of infinite small size (point elements). The 
intcrelemenl distances in both the scan and elevation directions are assumed to be the same, i.e., d,, = d u x .  Four interelement disrances are calculated for 
h e  beam: (I) 1.28 mm (about 3 0 X ) .  (2) 0.64 mm (about 1.5X),  (3) 0.32 mm (about U i S X ) ,  and 14) 0.16 mm (about 0 . 3 i X ) .  where the central wavelength, 
X, is about 0.43 mm. The axial distance knrn the center of the vrray to the center of the Bcssel pulse is LW mm. The figure shows the plots of the maxima of 
A-lines in the arc Wp detioed by a radius From 87.5 mm to 112.5 mm from the army center versus the azimuthal angle from -53" to 53' in the scan plane. 

an interelement distance of about 1.5X in both the scan and 
elevation directions (az, = dy, rn 11.A). The beam parameters 
used in Figs. 8 to 10 are the same as those for the left columns 
(with the compensation of the effective aperture reduction) of 
Figs. 2 to 5, except that the size (or width) of elements are 
taken into account (computed with (15)). The size of elements 
in the elevation direction in Figs. 8 to 10 is fixed (i.uy, N 1.5X). 
and the elements have three sizes in the scan direction, i.e., 
w,, is about 0.37X (left columns), 0.75X (middle columns), 
and 1.5X (right columns), respectively. As a i r ,  increases, the 
grating lobes are reduced when the steering angle is small. 
However, for large w,,, the grating lobes, sidelobes, and the 

beam width of the mainlohe are increased dramatically with 
the steering angle (Figs. 8 to 10). In addition, the magnitude of 
the peaks of the beams decreases much faster with the increase 
of the steering angle for a larger u1,, (Table 0. On the other 
hand, with a small w,,, say 0.37X, the array performances 
are very close to those with an infinite small element width 
(point elements) (compare the left columns of Figs. 8 to 10 
to those of Figs. 2 to 4, and see also Table I). The size of 
elements in the elevation direction, .wy,, has little influence 
on the grating lobes of the beams except at w,, = d,, and 
w,, -+ d,, , where the grating lobes are reduced dramatically 
when the steering angle is small. 
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Fig. 6. hflucnce of interelement distwccs of a 2-D m y  on grating lobes of a one-way zerath-order X wave at four steering angles: Oa (full lines), f 15- (dotted 
lines), BOO (dashed lines), and 3 5 "  (long dashed lines). This figure ha3 the same format and is obtained under the same array conditions as thbse of Fig. 5. 

The reason that the slze of elements in the scan direchon addition, if the size of elements IS reduced and the number of 
has a slgmficant inffuence on grating lobes might be explamed elements is not increased accordingly, the energy efficiency 
as follows. As the size of elements increases, the directiv~ty of an array is decreased because only a part of the may  
pattem of each element becomes narrower and produces larger aperture is used. Hence, one has to compromise between the 
phase fluctuations in larger observation angles t461. This can size of elements and the m a y  performance. From Mgs. 8 
be seen from the first integration in (13 ,  where the integrand. to LO, one may w~sh  to choose w,. = d,. 12 - 0.75X and 

Zk*a=~(r~*-s~l+~n=~~' 
m,, = $, = 1 5X for an optlmal performance. 

e JTO,,.Y = e -Zk- (16) IV. DISCUSSION 

oscillates faster if Axl changes over a larger element width 
(w,,) at a larger steering angle, 8 = tan-' xo,/z, where roc A. Sidelobes and Grating Lobes of Limited D~ffraction Beams 

is the coordinate of the beam center in the scan direction. This We have demonstrated in the previous sections that com- 
may cause a serious phase cancellahon m (15). However, as pensatlon for the effective aperture reduction of a 2-D array 
the slze of elements reduces, the impedance of elements will so that the transverse cross section of a beam remains constant 
he increased, wh~ch makes impedance match~ng difficult. In for all steering angles is essenhal for a proper produchon of 
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Fig. 7. InRuence of interelement distances of a 2-D army on grating lobes of a onc-way focused Gaussian beam (the focal length is 100 mm and the FWHM 
is 12.5 mm a1 the transducer apemre in the elevation direclion) at four steering angles: O0 (iuli lines), +15" (dotted lines), f30D (dashed lines), and +45' 
(long dashed lines). This figure has the same formal and is obtained under the s a c  array conditions as those of Fig. 5. 

limited diffraction beams (Figs. 2 and 3). Without the proper 
compensation, sidelobes, gratmg lobes and lateral wldth of 
beams will be increased as the beams are steered away from 
the normal direction of the array. At larger steermg angles, 
the mainlobes of the beams may even d~sappear because the 
sidelobes exceed them. An uncompensated array also produces 
beams that are distorted in both the scan and elevation direc- 
tions and a reduced depth of field (Figs. 2 and 3). In addition, 
as we have seen from Fig. 4, the beamwidth of conventional 
focused beams 1s Increased m the scan direchon because of the 
effective aperture reduction m this direction. The focal length 
is shortened because the curvature of the wavefront increases 
with the decrease of the effectwe aperture if time delays 
for focusing are fixed for elements. However, unllke limited 
diffraction beams, distortions caused by the effective apertnre 

reduct~on are not coupled m the two transverse orthogonal 
directions of convenhonal beams. 

Even with the proper compensauon of the effectlve apeme  
reduction, the sidelobes of hnuted diffrachon beams are still 
h~gh (determined by (1) or (2)) as compared to those of 
conventional focused beams at their focuses (Figs. 2 to 4). 
The sidelobes of limited diffraction beams can he reduced by 
a summation-subtraction method [54], [59], deconvolution [9], 
[601, 1611, and dynamically focused reception [S], [43], [44]. 
Grating lobes are about the same for both limited diffraction 
beams and convent~onal beams and are mainly determined 
by the tnterelement dtstance of arrays (Figs. 5 to 7). Broad- 
band arrays may help to reduce the grating lobes. If the size 
of array elements 1s infinitely small (point elements, (Panel 
(2) of Figs. 2 to 4, and Figs. 5 to 7)). gratlng lobes are 
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Fig. 8. Comparison of a one-way zeroth-order Besscl b c m  pmduced with a 2-D wray transducer when Lhe widths of the array elements in lhe scan direction 
are about 0.37X [panels in the left column), 075X (panels in the middle column), and 15X (panels in the righl column). The width of the may elemenLs 
in the elevation direction is fixed to be about 1.5X. The interelement distances in both the scan and elevation direclions are the same and are also about 
1.5X. The beam is steered at lour angles: OY (full lines), i15' (dotted lines), +30° (dashed lines), and 245" (long dashed lines). The axial distance from 
the center of the array to the center of the Bessel pulse is 100 mm. The panels in the first raw fmm Lhe top are plots of the maxima of A-lines in the arc 
strip defined by a radius from 87.5 mm to 112.5 mm from the away center versus ,he a7.imuthal angle from -53O to S3O in the scan plane. The panels in 
the middle mw are plats of the maxima of A-lines versns an axis (fmm -12.5 to 12.5 mm) that is to the beam axis and in the scan plane. 
The panels in the bottom row are plots of Lhe peaks of the Bessel pulses along the beam axis from 6 to 400 m. 

almost independent of the steering angles. As the size of 
elements increases in the scan direction, array performance 
parameters (grating lobes, sidelobes, main beamwidth, and 
gain) are degraded dramatically at large steering angles. 

B.  Reducing Nz<mher of Elements 

It is also clear from the previous sections that to reduce 
grating lobes or to produce limited diffraction beams of a high 
lateral resolution, the interelement distance of a 2-D may  must 
be small [46]. However, a small interelement distance means 
a large number of elements for an array with a given aperture. 

Therefore, there is a trade-off between the grating lobes and the 
number of elements. For example, if the interelement distance 
is about 1.5X in both the scan and elevation directions, the 
number of elements of an elliptic array (for the purpose of 
compensating the effective aperture reduction) with its major 
and minor axes of about 17.7 mm (about 41.2X) and 12.5 mm 
(about 29.2X). respectively, is about 1700. The interelement 
distance may be even smaller if the grating lobes are required 
to be much lower than -20 dB (Figs. 5 to 7). The large 
number of elements of a 2-D array in a small aperture may 
cause problems such as difficulty in wiring, electronic and 
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Fig. 9. Comparison of n one-way zeroth-order X wavc produced with a 2-D may  transducer when fhe widths of the array elements in the scen direction are 
aboul 0 3 i X  (panels in the lefi column). O . i i X  (panels in the middle column), and 1.5X (panels in the right column). This figure has the same format 
and is oblsined under the aame array conditions ar those of Fig. 8. 

mechanical crosstalk among elements, htgh llnpedance of each 
element, and complex mult~plexing among clement? [46]. 

Some techniques have been suggested to reduce the number 
of elements of 2-D arrays while maintaining a reasonably 
good array performance. Sparse arrays, for example, reduce 
the number of elements by randomly removlng elements from 
periodlc dense arrays. However, array performance sufFers 
because of mcreased sidelobes and loss of gain [46]. Another 
way to form a space array is to place randomly a fewer number 
of elements wlthln the array aperture (random position array). 
Thls ~ncreases the randomness of the array and 1s expected 
to reduce grating lobes, hut such arrays may be difficult 
to construct. In addition, the distance between some of the 
elements may be small, which limlts the slze of these elements 
and increases further the11 impedance. To avo~d the small 

tnterelement distances, one may ltmlt the distance between 
the centers of any two elements to be greater than a gven 
value. But, as the minimum Interelement distance Increases, 
there will be more restrictions on element positiomg which 
will reduce the array randomness. 

C. Size of Elements 

A larger element size in the scan direction has a significant 
influence on the performances of a 2-D array at larger steering 
angles (Figs. 8 to 10, and Table 1). On the other hand, a 
small element size increases the impedance of the elements and 
makes impedance matching difficult, resulting in low sensitiv- 
ity, high noise, and high cross-talk, although a multilayer 2-D 
array technique [631 may be used to increase the impedance 
to some extent. Wiring is also difficult for the small elements 
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Fig. 10. Comparison of a one-way focused Gaussian beam (the focal length is 100 mm and thc FWHM is 12.5 mm at the tmnsducer apeflure in the 
elevation direction) produced with a Z-D m a y  hansducer when the widths of the array elements in the scao direction are about 0.37X (panels b the 
left column). 0 7 5 X  (panels in the middle column), and 1.5X (panels in the right column). This figure has the same format and is obtained under the 
same may conditions as those of Fig. 8. 

because the capacitances of the elements may be much smaller 
than those of the connecting wires. Apparently. for a given 
interelement distance, reducing the size of elements will lower 
the energy efficiency of arrays because only a part of the 
array aperture is used. Therefore, one may want to choose a 
larger element size while still maintaining a reasonable array 
performance in a preset range of steering angles (usually in 
medical imaging, the steering angles are within &4S0). For the 
example given in Figs. 8 to 10, the best compromise might be 
to choose the size of elements in the scan direction as 0.7SX. 

D. Reducing System Complexity 

To compensate the effective aperture reduction of a 2-D 
array, the elliptic ring pattern formed by the array elements 

must be changed each time a beam is steered to a new 
dnection. In medical imaging. there are typically over 100 
directions in a M5O range. Th~s implies that there must 
be a complicated real-time mulhplexlng to change the ring 
patterns that are formed by a large number of elements. 
However, rf the change of the effechve aperture 1s within 
L5%, beam distortions are not severe (see Figs. 2 to 4, where 
a f lSO steering angle corresponds to an effective aperture 
reduction of about 3.5%). Because in a +4s0 range of the 
steering angles the total change of the effect~ve aperture 
IS about 40%, only 4 elllptic ring patterns are necessary 
to cover this change. The four elllptic ring patterns may 
be designed so that they compensate exactly the effective 
aperture reduction at the following 4 steering angles: &lXD, 
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TABLE I 
NORMALIZED M A O N ~ D E  OFTHE PEAK OF BEAMS AND ITS CHANGE WITH m 

 STEER^^ ANGLES AM) THE ELEMMT SIZES IN THE SCAN DLRE~ION. 
THE IN~RELEMENI DISTANCES w BOTH THE SCAN AND ELEVAT~ON 

D m c n o ~ s  ARETHE SAME (dil = dY1) AND ARE AEOUT 1.5X. THE 
PEAKS OF BEAMS ARE NORMALIZED m mw BEFORE TEE S ' E R ~ G .  

Magnitude Magnitude Magnitude 
Magnitude of P& of Peak of Peak 
of Peak (When (When (When 
(When ul,, = wy, = I L , ~ ~  FZ 

w,, = O X  1.5X and 1.6X and 1.5X and 
Steering and ux,, rs w,, F.: to,, = 
Angle to,, = O X )  0.3iX) 0.75X) 1.6X) 

(Degree) (dB) (dB) (dB) (dB) 
Zeroth- 0 0.00 0.00 0.00 0.W 
Order 15 -0.22 -0.37 4 .84  -2.92 
Bessel 30 -0.07 4.69 -2.62 -10.8 
Beam 43 -0.07 -1.33 -5.33 -17.0 

0 0.00 0.00 0.00 
zemth- 

0.00 
15 

Order X 30 
0 .15  -0.26 4 .67 -2.16 

Wave 0 .19 -0.67 -2.08 -8.18 
45 -0.18 -1.10 -4.06 -14.2 

Focused 0 0.00 0.00 0.00 0.00 
Gaussian 15 -0.14 -0.32 0 .85 -2.94 
Beam (F= 30 0 .10  4 .74  -2.73 1 2 . 2  
100 mm) 45 4 .05 1 .34 -5.57 -16.8 

Axial \ i~ f''... L A x i s  Mi2 Linear Delav Boards 

Gmnrring into 4 EUi~tic Rine Pattern 

Fig. 11. A schematic of a pulse-echo imaging syslem using a 2-D m y  fm 
steering bolh limited diffraction beams and conventional beams. (Modified 
with permission form Fig. 5 of [62]'). 

!do0, +37', and M3", and cover the ranges of the steering 
angles that correspond to the change of the effective aperture 
within*%: &(Oo - 25'), f (25O N 34'), A(34O N 40°)1 and 
f (40' - 45O) (Rg. 11). Another effective way to slmplify the 
system might be the use of unsymmemcal limited diffractlon 
beams 1361. Instead of changmg a rmg pattern, one mlght 
produce hfferent unsymmetrical limlted diffractlon beams 
wlth the same annular nng pattern as the beams are steered. 
Similarly, the steer~ng angle can be divided into the above 
four ranges in whlch four different unsymmemcal beams are 
used to reduce the system complexity. In thls way, the system 

might be simpler because the multiplexing is for the different 
unsymmetrical l i i t e d  diffraction beams that are produced 
with a small number of waveforms (14 in the above example), 
instead of for different elliptic ring patterns that are formed 
by a large number of elements. 

A suggested pulse-echo imaging system using a 2-D may 
for steering both limited diffraction beams and conventional 
beams is shown in Fig. 11 [621. The array is consist of M 
rows and has N elements. If beams are symmetric about the 
scan plane, the number of wires c o ~ e ~ t e d  out of the array 
is only N/2 (the elements of the lower and upper portions of 
the array are connected correspondingly inside the may). The 
N/2 wires are connected to M/2 linear time delay hoards for 
beam steering. The number of delay elements in each board is 
equal to the number of the elements in a row. After the linear 
delays, the N/2 wires are grouped electronically into four 
elliptic patterns each of which covers about k5% change of the 
effective aperture. In transmission, a 14 channel transmitter 
generates 14 waveforms that are multiplexed to drive an 
elliptic ring pattern selected according to the steering angle of 
the beams. In reception, echoes delayed with the linear delay 
boards will he combined into the same elliptic ring pattern, 
and then processed by a conventional dynamically focused 
reception circuitry. The system in Fig. I1 is different from 
a conventional annular may  system by adding linear delays 
and grouping the elements of 2-D arrays into elliptic ring 
patterns. Because the largest elliptic ring pattern is designed 
for the compensation of the effective aperture reduction at 
f43'. instead of k45', the number of elements may be reduced 
slightly. 

Limited diffraction beams can be steered electronically with 
a 2-D array if the effective aperture reduction of the array 
is properly compensated. This increases the flexibility of the 
beams in volumetric imaging and reduces artifacts in real-time 
color Doppler imaging at the expense of system complexity 
[IX]. The interelement distance of a 2-D may has a significant 
influence on both limited diffraction beams and conventional 
beams [46]. For limited diffraction beams with a small main 
beamwidth, the interelement distance may have to be small 
to ensure an adequate spatial sampling rate. However, small 
interelement distance increases the number of array elements 
dramatically, which complicates array construction. The size 
of array elements has influence on both limited diffraction 
beams and conventional beams 1461. Larger element size 
increases the energy efficiency of arrays and reduces element 
impedance, but degrades m y  performance at larger steer- 
ing angles by increasing grating lobes, lowering gain, and 
distorting beam shapes. 

To produce rotary symmetric limited diffraction beams, 
elements of a 2-D array must be grouped into elliptic rings 
such that the projection of the elliptic rings on a plane 
perpendicular to the beam axis is a constant annular ring 
pattern. With this annular ring pattern, methods for producing 
limited diffraction beams or conventional aperture-weighted 
beams with annular arrays can be applied. If the small change 
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(a few percents) of the effective aperture is allowed, the 
number of ell~ptic nng panems can be reduced for a complete 
scan and thus the electron~c circu~try can be simplified. 

Reduction of the number of the elements of 2-D arrays are 
desirable. Techniques such as sparse arrays [46] or random po- 
s~iion arrays with a mlnlmum interelement distance constraint 
might be used. However, the influences of these techniques on 
h t e d  diffraction beams need to be studied. 

The authors thank Dr. H. Zou for reviewing the manuscript 
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assistance of E. C. Quarve is appreciated. 

[I] J. Dnrnin, "Exact solutions for nondiffracting beams I. me scalar 
themy," J. Opt  Soc. h e r . . ,  "01. 4, no. 4, pp. 651454, 1987. 

[2] 1. Lu and J. F. Greenleaf, "Nondiiracting X wavesexact  solutions to 
&-space scalar wave equation and their finite aperture realizations," 
IEEE Tram. Ultroson., Ferroelec.. Freq. Contr., vol. 39. no. 1. pp. 
19-31, Jan. 1992. 

[3] -. "Experimental verification of oondiffractiog X waves," IEEE 
Trans. Ultmson., Fet-roelec., FP-eq. Confr., val. 39, no. 3. pp. 4 4 1 4 6 ,  
May 1992. 

141 -, "Theory and acoustic experiments of nondiffracting X waves," 
lEEE1991 U l w a s o n . S y ~ . P r o c . ,  91CH3079-1, vol, 2, pp. 1155-1159, 
1991. 

[51 H. Zou, 1. Lu, and J. F. Greenleaf, "Obtaining limited difhction 
heams with the wavelet Iransform." IEEE 1993 Ultrason. Symp. Proc. 
93CH3301-9, vol. 2, pp. 1087-1090, 1993. 

[61 T. K. Song, J. Lu, and 1. F. Greenleaf, "Modified X waves with improved 
field properties," Ultroson. Imag., vol. 15, no. 1, pp. 36-47, Jan., 1993. 

171 J. Dumin. J. J. Miceli, lr., and 1. H. Eberly, "Diffraction-free beams," 
Phys. Rev. Lett., vol. 58, no. 15, pp. 1499-1501, Apr. 1987. 

[a] J. Lu, T. K. Song, R. R. Kinnick, and I. F. Greenleaf. "In vitm and in 
vivo reaCtime imaging with ultrasonic limited diffraction beams," IEEE 
Tmnr. Med. Imog.. "01. 12. no. 4, pp. 819-829, Dec. 1993. 

[91 J. Lu and I. F. Greenleaf, "Diffraction-limited beams and their ap- 
plications for ultrasonic imaging and tissue chimcterization," in New 
Developments in Ullrrosonlc Transducers and Transdxcer Systems. F. L. 
Lizri, Ed., Proc. SPIE, vol. 1733, pp. 92-119, 1992. 

[lo] -, "Pulse-echo imaging using a nondiffiaccing beam transducer," 
Ultrasound Med. Biol., vol. 17, no. 3, pp. 265-281, May, 1991. 

[ I l l  -, "Ultrasonic nondiffracting transducer for medical imaging," 
IEEE Ti'ans. Ultrason., Ferroelec., Freq. Conb., vol. 37. no. 5. pp. 
438-447, Sept. 1990. 

I121 -, "Formation and propagation of limited diffraction beams." in 
Acousr. Imog., uol. 20, Y .  Wei and E, Gu, Eds., 1993, pp. 331-343. 

[I31 -. "Effect on Jo nondiffracting beam of deleting central elements 
d Jo annular array transducer." Ultraron. Imng., vol. 13, no. 2, p. 203. 
Apr. 1991 (Abs). 

[I41 , "Experiment of imaging conlrast of Jo Bessel nondiffracting 
beam transducer," J. Ulnasound Med., vol. 11, no. 3, (Suppl.), p. S43. 
Mar. 1992 (Abs). 

[I51 -, "Simulation of imaging contra31 of nondiffracting beam trans- 
docer," J. UltrasozcndMed., vol. 10, no. 3, (Suppl.), p. S4, Mar., 1991 - -  - 

(Abs). 
[I61 D. K. Ilsu. F. 1. Margetan, and D. 0. Thompson, "Bessel beam ultrasonic 

Iransducei: Fabrication method and expcpenmental results," Appl. P h y ~ .  
Lerr., vol. 55, no. 20, pp. 206&2068, Nov. 1989. 

1171 1. A. Campbell and S. Soloway. "Generation of a nondiffracting h e m  
with frequency independent beam width," J. Arolrrr. Snr. Amw., vol. 
88, no. 5, pp. 2467-2477, Nov. 1990. 

[I81 P. A. Magnin, "A review of Doppler Row mapping techniqoes," IEEE 
1987 Ulrroson. Symp Pivc.. 87CH2492-7, vol. 2, pp. 96S977. 1987. 

1191 1. Lu and J. F. Greenleaf, "Evaluation of a nondiffracting trans- 
ducer for tissue characterization." IEEE 1990 Ulrrason. Symp Proc., 
90CH2938-9. vol. 2, pp. 795-798, 1990. 

1201 -. "Producine deeo d e ~ t h  of field and deoth-indeoendent resolulion . ~. w . .  

in NDE with limited diffraction beams," Ulrr-ason. Imaf..  vol. 15, no. 
2, pp 13k149, Apr., 1993. 

l2ll J N Briktneham "Focus wave modes m homoeeneoos Maxwell's . .~ - .  " 
equations: transverse electric made." J .  Appl. Phys., vol. 54, no. 3, pp. 
1179-1189. 1983. 

1221 R. W. Ziolkowski. "Exact solutions of the wave equation with complex 
source locations," J. Math. Phyz., "01. 26, no. 4, pp. 861-863, Apr, 
1925 

[23] R. W. Ziokowski, D. K. Lewis, and B. D. Cook. "Evidence of localized 
wave transmission," Phys. Rev. Len, vol. 62, no. 2, pp. 147-150, Jan. 
9. 1989. 

[24] R. W. Ziolkowski. 'Taculized hansmission of electromagnetic energy." 
Phys. Rev. A., vol. 39, no. 4 ,pp  2005-2033,Feh. 15, 1989. 

[251 R. Donnelly, D. Power, G. Templemq and A. Whalen. "Graphic 
simulation of superluminal acoustic localized wave pulses" IEEE Tmns. 
Ulnasort., Fefroelec., Freq. Conrr., vol. 41, no. 1, pp. 7-12, 1994. 

1261 R. Dormelly and R. W. Ziolkowski. "Designing localized waves," Proe. 
Rqvol Soc. Lond ,  A, vol. 440, pp. 541-565, 1993. 

[27] K. Uehara and H. Kikuchi, "Generation of near diffraction-free laser 
beams," Appl. Phys. B. vol. 48, pp. 125-129, 1989. 

[28] A. Vasara, J. Turunen, and R T. Friherg. "Realization of general 
nondifhcting beams with computer-generated holograms," J .  O p t  Soe. 
Amer.. A, vol. 6, no. 11, pp. 1748-1754, 1989. 

[29] G. Indebetow, "Nondiffracting optical fields: some remarks on their 
analysis and synthesis," J.  Opt. Soc. Amer. A, vol. 6,  no. 1, pp. 150-152, 
Jan., 1989. 

[301 F. Gori, G. Guattui, and C. Padovani, "Model expansion for Jg- 
correlated Schell-model sources," Optics Commun., vol. 64, no. 4, pp. 
311-316, Nov. 15, 1987. 

[311 F. Gori, G. GUBttari. and C. Padomi ,  "Bessel-Gaossian beans," Optics 
Commun., vol. 64, no. 6, pp. 491495, Dec. 15, 1987. 

I321 K. Uehara and H. Kikuchi. "Generation of near diffraction-free laser 
beams," Appl. Phys. B,  vol. 48, pp. 125-129, 1989. 

1337 L. Vicari, "Truncation of nondiffraaing beams," Optics Commun., vol. 
70, no. 4, pp. 263-266, Mar. 1989. 

(341 M. Zahid and M. S. Zuhairy, "Directionally ofpartially coherent Bessel- 
Gauss beams." Optics Commun., vol. 70, no. 5, pp. 361-364, Apr. 
1989. 

1351 S. Y. Cs?, A. Bhaltachatjee, and T. C. Marshall, "'Diffraction-free' opti- 
cal hem3 in inverse free electron laser acceleration." Nuclear Instyurn. 
ond Methodr in Physics Rei., Section A: Accelerators, Spectrometers. 
Detectors, ond AssocioredEquip., vol. 272, no. 1-2, pp. 481484, Oct, 
1988. 

[36] J. Lu, H. Zou, and 1. F. Greenleaf, "Biomedical ulbasound beam 
forming," UltrasolrndMed. Biol. vol. 20, no. 5, pp. 403427, 1994. 

1371 F. S. Foster, M. S. Patterson, M. Arditi, and J. W. Hunt, "The 
conical scanner: A two transducer ultrasound scatter imaging technique," 
Ultrason. /mag., voL 3, no. 1. pp. 62-82, 1981. 

I381 D. R. Dietz, "Apodized conical focusing for ultrasound imaging," IEEE 
Tmns. Sonics Ultrason., vol. SU-29, no. 3, pp. 128-138,May 1982. 

1391 M. O'Domell, "A proposed annular m a y  imaging sysfem for contact 
B-scan aonlications." IEEE Trans. Sonirs Ulrroson., vol. SU-29, no. 6, 
pp. 331-338, Nov. 1982. 

1401 E. K. Pishell, F. S. Foster. T. Connor, M. Khodai. K. Harasciewicz, and 
1. W. Hunt, "Clinical performance of a cone I annular array ultrasound 
breast scanner," Ultrasound Med. Biol., vol. 16, no. 4, pp. 361-374, 
Nov. 1990. 

1411 F. S. Foster and J. W. Hunt, "The focusing of ultrasound beams through 
human tissue," in Acoust. Imug.. vol. 8, pp. 709-718, 1979. 

1421 G. E. Trahey. P. D. Freihurger, L. F. Nack, and D. C. Sullivan, "In vivo 
measurements of ultrasonic beam distortion in the breast." UIb(~son.  
Imog.. vol. 13, no. 1, pp. 71-90. 1991. 

1431 F. S. Foster. 1. D. Lsrson. M. K. Mason, T. S. Shoup. G. Nelson, and 
H. Yoshida, "Development of a 12 element m u l a r  may  rransducer far 
realtime ultrasound imaging." UlfrosourrdMed. Biol., vol. 15, no. 7,pp. 
649-659, 1989. 

1441 F. S. Foster, J. D. Lamon. R. J. Pittaro. P. D. Corl, A. P. Greenstein, 
and P. K. Lum, "A digital annular m a y  prototype scanner for realtime 
ultrasound imaging," UltmsoundMed. Biol., vol. 15,no. 7, pp. 661-672, 
lOY0 
A 7 u , ,  

0. T. VonRamm and S. W. Smith, "Beam sleering with linear arrays." 
IEEE Tram. Biomed. lmog., "01. BME-30, pp. 438-452, 1983. 
D. H. Tumhull and F. S. Foster, "Beam steering with pulsed 2-D 
transducer mays," IEEE Trans. Ulnason., Ferroelec., Freg. Conb., vol. 
38. no. 4. pp. 320-333, July 1991. 

[471 D. H. Tumhull and F. S. Foster, "Fabrication and characterization of 
transducer elements in 2-D arrays far medical ultrasound imaging," 
IEEE %ns. Ultrason., Ferraelec., Freq. Conlr., vol. 39, no. 4,464-475. 
Jul. 1992. 

[48] S. W. Smith. H. E. Pavy, Jr.. and 0. T, von Ramm. "High-speed 
ultrasound volumenic imaging system-Part I: Transducer design and 



LU AND GREENLEAF 2-D ARRAY TRANSDUCERS 739 

beam steering," IEEE Trans. Ulrmson.. Ferroelee., Freq. Contr ,  vol. 38, 
no. 2, pp. 10CL108, Mar., 1991. 

1491 L. F. Nock and G. E. Trahey, "Spthetic receive apemre imaging with 
ohase correction for motion and for tissue inhomaeeneities - Part I: - ~ -~ 

Basic Principles." IEEE Tmns. Ultrason.. Fenaelec.. Freg. Comr, vol. 
39, no. 4, pp. 48W95. Jul. 1992. 

[50] G. S. Kina. Acoustic wovas: Dryices. Imoging, ond Analog Signoi 
Procesring. Englewood Cliffs, NJ: Prentice-Hall, 1987, ch. 2 and 3. 

1511 F. John, Partial Differential Equations. New York: Springer-Verlag. 
19x2 

[52] l? M: Mone and H. Feshbach, Metkadr of Theoretical Physics, P a t  I .  
New Yark: McGraw-Hill, 1953. 

[53] I. S. Gradshteyn and I. M. Ryzhik. Table of Integrals. Series, and 
Products, corrected and enlarged edition. New York: Academic. 1980, 
ch. 17. 
J. Lu and J. F. Greenleaf, "Sidelobe reduction for limited diffraction 
pulse-echo systems," IEEE Trons. Uihason.. Fen-oeiec.. Freq. Conrr.. 
vol. 40, no. 6, pp. 735-746, Nov. 1993. 
I. W. Gwdman, Introduction m Fourier Optics. New York, NY: 
McGraw-Hill, 1968, ch. 2 4 .  
R. Bracewell, The Fourier rronSform end its Applicorims. New Ymk: 
McGraw-Hill, 1965, ch. 4 and 6. 
A. V. Oppenheim and R. W Schafer. DigitalSignal Processin,y, Bugle- 
wood Cliffs, NJ: Prentice-Hall, 1975, ch. 1 and 5. 
B. D. Steinberg, Principles of Apertwe and Array System Design. New 
York: Wley, 1976. 

I591 1. La and J. F. Greenleaf, "A study of sidelobe reduction for limited 
diffraction beams," IEEE 1993 Ultrason. Symp Proc. 93CH3301-9, vol. 
2, pp. 1077-1082, 1993. 

1601 -, "Sidelobe reduction of nondiffractimg pulse-echo images by 
deeonvalution," mtroson. Imog.,  vol. 14, no. 2, p. 203, Apr 1992 (Abs). 

[611 A. Rosenfeld and A. C. K&. Digital Picture Processing. New York: 
Academic, 2nd ed., vol. 1, 1982, ch. 7. 

I621 1. Lu and J. F. Greenleaf, "Steering of limited diffraction beams with a 
2-D array transducer." IEEE 1992 Ultrason. Symp. Proc., 92CH3118-7, 
vol. 1, pp. 602407, 1992. 

[63] R L. Goldberg and S. W. Smah, "Performance of multi-layer 2-D 
eaosducer arrays," IEEE 1993 Ulrasnn. Symp. Proc.. 93CH3301-9, 
vol. 2, pp. 1103-1106, 1993 

Jian-yu Lu W388), for a photopph and brogmphy, see p. 424 of the July 
1994 Issue af thrs '~RA~~ACTIONS. 

James F. Greenleaf (M'73SM28&F88), for a photograph and b~ography. 
see p 424 of the July 1994 issue of this TRANSACTIONS. 


