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MODIFIED X WAVES WITH IMPROVED FIELD PROPERTIES
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A method to obtain a good compromise between the depth of ficld and the lateral resolution
of "X waves" is proposed. The original X waves are theoretically nondiffracting beams generated
by a specially phased infinite transmit aperture. When generated by a finite aperture, X waves are
diffracting beams but have a large depth of field, maintaining uniform lateral field profiles. The
proposed modification of the wave equation solution for X waves replaces a constant parameter
representing the propagation angle of ultrasound with a function of radial distance at the aperture
surface, and results in modified X waves that have a larger depth of field than the original X
waves. Computer simulations show that a proper choice of the modification function can produce a
new beam with improved field properties compared with the original X waves, promising images
with higher lateral resolution and increased contrast over a large depth of field in high frame rate
medical imaging. Experimental results are presented to verify the simulation results of the pro-
posed method. e 1993 acadenic Press, Inc.

Key words: Annular array; depth of field; lateral resolution; nondiffracting beams; transmit focus;
ultrasonic B-mode imaging.

I. INTRODUCTION

Recently, new classes of solutions to the scalar wave equation that governs wave propagation
in isotropic/homogeneous media have been discovered, which describe nondiffracting beams [1-10]
and localized waves [11]. Nondiffracting wave solutions have been studied by some investigators
for applications to ultrasonic imaging [2-10]. Theoretically, these solutions represent nondiffracting
beams in the sense that their spatial beam profiles do not change as they propagate. Even though
these nondiffracting beams are not physically realizable, it has been shown that they can be closely
approximated over a large depth of field with a finite aperture [2-10]. The resultant beams can
maintain uniform lateral and axial field profiles to a certain depth, unlike conventional beams such
as spherically focused beams and Gaussian shaded spherical focused beams.

The first nondiffracting solution was discovered by J. Dumin [1]. An approximation to the
lowest mode of the solution, called the J Bessel beam, was produced with a finite aperture acous-
tic device by D. K. Hsu et al. [2]. Lu and Greenleaf have closely approximated the J, Bessel
beam with a finite aperture ultrasonic annular array transducer and suggested its application to
medical imaging and tissue characterization [3-5]. Campell et al. had a similar idea to produce the
Jo Bessel beam with an acoustical annular array transducer [6]. More recently, Lu and Greenleaf
have discovered families of generalized nondiffracting solutions to the isotropic/homogeneous
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MODIFIED X WAVES

scalar wave equation. One of these families represents waves that have an X-like shape in a plane
along the wave axis and were termed "X waves" [7]. Some of the previously known
nondiffracting waves including the J; Bessel beam and the plane wave are members of this family.

A generalized X wave solution is given by [7]
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where r =Vx?+y? is a radial coordinate, ¢ is azimuthal angle, z is the axial distance, t is time,
B(k) is any well behaved complex function and could represent the system transfer function of a
practical wave source, J, is the nth order Bessel function of the first kind, k=w/c is wave number
and ® and ¢ are angular frequency and sound speed, respectively, and a, and { are parameters
which are independent of the spatial variables and time. With n=0 and B (k) equal to qy(>0) for
k20 and 0 for £<0, we obtain the zeroth order broadband X wave, @ygp , which has a peak inten-

sity on the wave center and is axially symmetric [7]
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For a bandlimited B (k) a bandlimited X wave is calculated as
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where * denotes the time convolution and F ! represents the Fourier inverse transformation.

The X waves described by Egs. (1) and (2) with same transversal intensity field profile at any
depth cannot be realized exactly because each spectral component of Eq. (1) has a finite energy
over an entire transversal plane. However, it was shown that they can be physically approximated
in a finite region by truncating and driving Eq. (1) with a finite aperture at source plane (z=0) [7].
These X waves generated by a finite aperture are of practical importance in two aspects when
applied to ultrasonic imaging. First, they can provide much larger depth of field in B-scan imaging
than conventional beams. Second, they should be very useful for tissue characterization because
the diffraction correction process normally required may be negligible due to their minimally
diffracting properties. For medical imaging applications, however, they have practical problems,
e.g., high sidelobe level and the tradeoff between depth of field and lateral resolution. The most
convenient way to reduce the high sidelobes may be to increase { because the magnitude of Eq.
(2) decays faster for a larger {. However, large increases in { cannot be made because the depth
of field of X waves decreases with {. This paper focuses on reducing the lateral beamwidth and
sidelobe levels of X waves for medical applications without sacrificing depth of field.

One of the authors (Song) found that if the parameter, {, in Eq. (1) is modified as a function
of the radial distance, r, i.e., {={(r), on a transducer surface in a manner similar to that used in
some axicons [12-14], the resultant beams have larger depth of field with improved lateral field
profile at near and far depths. One of the other authors (Lu) suggested a modification function
expressed by,

Cir)=0-Ciria)",0<r < a, (m=20), @)

where {y and {; are constants and @ is the radius of aperture. Computer simulations have shown
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that m=1/2 provides a reasonable compromise between the depth of field and lateral resolution.
Because the modified X waves (m # 0) provide reduced lateral beamwidths and sidelobes com-
pared with the original X waves (m = 0) within the same depth of field, as will be shown by simu-
lations and experiments in Sections III and IV, the applicability of X waves in medical ultrasonic
imaging becomes more promising. When multiple sequential transmit foci can not be employed to
increase the depth of field of conventional focused beams because of high frame rates, modified X
waves may be able to provide high resolution and conirast images throughout the region of
interest.

II. TRADEOFF IN FIELD PROPERTIES OF X WAVES
The field magnitude of broadband X waves is calculated from Eq. (2) as

o
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The snapshot lateral field response (measured at ¢t =z cos{) is given by

a9

@y |, = ———. ()
A Nal +(rsin0)?

X waves have peak lateral field response on their X-branches [7]. The X-branches of Eq. (5) can
be obtained by solving

a
E I(DXBBul = 0, (7)

which gives

ct = zcosl + \(rsin0)? — ag , Irsinll>ay,. (8)

On the X-branches, the peak lateral field response is

[Dypp |, = Vag2lrsingl. ®

Equations (6) and (9) show that both the snapshot and peak lateral field responses decay with
T at a rate increasing with {. Therefore, there is a tradeoff between depth of field and lateral reso-
lution when a finite aperture is used to produce X waves, because the maximum depth of field of
X waves is determined by [7],

= _8
= an’ (10)
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where a is a radius of aperture. Decreasing  to obtain a larger depth of field broadens the lateral
beamwidth.

In this paper, we suggest a simple method to optimize this tradeoff. A finite aperture driven
with a source distribution expressed by Eq. (1) with { = {(r) generates modified X waves that also
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have an X-like shape but provide larger depth of field and better lateral field intensity profiles at
near and far depths than the original X waves. In the following simulations and experiments, only
the peak lateral field intensities along the X-branches will be examined because these contain the
highest and most slowly decaying profiles.

III. MODIFIED X WAVES

The original X waves arc physically generated by a finite aperture with a source distribution
of Eq. (1) with a constant { which corresponds to m =0 in Eq. (4). For nonzero m’s, Eq. (1) pro-
duces different wave fields, which we will call modified X waves. The field distributions of the
original and modified X waves generated by a finite aperture were calculated by using the
Rayleigh-Sommerfeld formula [15]. The source distribution, Dy, for any {(r) is obtained by sub-
stituting z = 0 and n = 0 into Eq. (1), giving

Dy, (7, -2) = B (LW o(or sinl(r yic) e *oTI(L). a7
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where II(s) is a rectangular function which is 1 when |s | < 1/2 and 0 otherwise.

The field distribution in absorption free, homogeneous media is calculated as
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where R is a distance between a source point and an observation point.

Figures 1 and 2 are beam plots of the simulation results for the original bandlimited zeroth
order X wave (n,m = 0) and the modified X waves (n = 0, m # 0) produced by a finite aperture.
In this simulation, B () was assumed to have the form of a Blackman window function [7] with a
central frequency of 2.5 MHz and a -6 dB one way bandwidth of 2 MHz From figures 1 and
2(b), we can see that the lateral beamwidth is smaller for a larger m when z/D < 4. On the con-
trary, at far depths (z/D = 6), the lateral beamwidth is smaller for a smaller m. This means that the
nondiffracting property seems to be better preserved for a smaller m, which can be explained from
figure 2(a). In this figure, the peak on-axis field amplitude decays faster for a larger m, where it is
almost unchanged in a certain region, z/D < 3.5, for m = 0. In this region, the original X wave has
uniform 6 dB lateral beamwidth as can be seen from figure 2(b). Deeper than this region, how-
ever, the on-axis peak for m = O starts to fall off and reaches -6 dB at the point defined as the
maximum depth of field calculated by Eg. (10) [7]. Among the modified X waves, m=1/2 gives
larger -6 dB depth of field that is much larger than that of the original X wave and has less change
in 6 dB lateral beamwidth (Fig. 2). As a result, the modified X wave for m=1/2 provides larger
depth of field with narrower lateral beamwidth at near depth and lower sidelobes at far depths than
the original X wave, as can be seen from figures 1 and 2. From these results, we can conclude
that modifying the X wave with m=1/2 provides a very good compromise between depth of field
and-lateral beamwidth,

The sidelobes of the X waves in figure 1 are relatively high for medical imaging applications
and increase suddenly around certain lateral distances, which can result in low contrast images. The
easist way to reduce the sidelobe levels of X waves may be o raise the values of C(r). This is
because both the snapshot and peak lateral field responses decay faster for a larger { as can be
seen from Egs. (6) and (9). For medical B-scan applications, the constant {(r) = &o— L for the ori-
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Comparison between the peak lateral field amplitude profiles along the X-branches of ori-
ginal and modified X waves at several f-numbers (f=z/D, where z and D are the axial dis-
tance and the diameter of the transducer ). Solid, dotted, short dashed, and long dashed
lines correspond to the original X waves (m = 0), modified X waves with m = 1/2, 1, and
2, respectively. fo=2.5 MHz, (=87, {; =4°,ap=001, and D =5 cm.

ginal X wave (m=0) can be increased t0 7° (zmax = 20.3 cm) for a finite aperture 1o obtain a depth
of field of 20 cm. However, {0 and {, for modified X waves can be chosen larger than 77 10
further reduce the mainlobe width and sidelobe levels because the modified X wave has a larger
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Plots for (a) normalized peak on-axis field amplitude and (b) 6 dB lateral beamwidth
(HWHM) of the X waves in figure 1. Solid, dotted, short dashed, and long dashed lines
correspond to m = 0, 1/2, 1, and 2, respectively.
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Fig. 3 Comparison between the peak lateral field responses of the original (solid line) and the
proposed X wave (m=1/2, dotted line) at four depths for fy = 3.5 MHz, (o= 167, {; =
8.2°,a0=001, and D = 5 cm. Modified X wave provides a larger depth of field.

depth of field than the original X wave for the same values of {o and {;, as was shown in figure 1.
Figure 3 shows the lateral field profiles of the modified X wave (m=1/2) with {o = 16° and {; =
8.2° compared with an X wave with m = 0 and { = {(r) = 8.2°. Due to the increased { (=8.27),
the X waves show narrower lateral beamwidths in figure 3 than in figure 1. In figure 3, we can
also see the same advantage of the modified X wave as shown in figure 1. The X wave with m=0
shows high sidelobes at z = 17.5 and 20 cm because these depths exceed its depth of field, z,, =
17.4 cm. On the contrary, the modified X wave (m=1/2) has a fast decaying lateral field profile
even at z = 20 cm.

The sidelobe levels of the modified X wave with m=1/2 in figure 3 can be further reduced if
dynamic Gaussian shaded focus is used in receive. In this case, the sidelobe peaking would not
cause serious problems in imaging since it occurs relatively far from the center axis: for example,
when nonshaded dynamic focus is used in receive, the lateral distance to the first null point of the
receive field response is 1.22Az/D [15], 2.135x(central wavelength) at z = 8.75 cm (Fig. 3(b)),
while the sidelobe peaking at the same depth occurs at 37x(central wavelength),

IV. EXPERIMENTS

A block diagram of the experimental system for modified X waves is shown in figure 4. An
ultrasonic annular array transducer made of PZT ceramic/polymer composite material was used to
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Fig. 4 Block diagram of experimental system for automatically measuring the pulsed acoustic
fields of X waves generated by a 10-element annular array transducer.

produce the modified X waves [3,7.8]. The transducer has 10 elements with a diameter of 50 mm.
Its central frequency is 2.5 MHz and the -6 dB two way (pulse-echo) bandwidth is about 50 % of
the central frequency. A polynomial waveform generator (Model 2045, Analogic, Peabody, MA)
was used to produce the waveforms. To cover the whole frequency range of the transducer and
program the waveform generator with a closed form expression, a broadband X wave solution of
Eq. (2) was with a small ag (= 0.05 mm). The waveforms for m = 0 and 1/2 were calculated by
setting z = 0 in Eq. (2) for —5 [s <¢ <+5 ps. The parameters were set to {;=8°, {;=4°, and the
radius of aperture, a = 25 mm. The radial distance, r, for the calculation of the drive waveform of
each transducer element is set to the average radius of that element. The drive waveforms were
amplified by a 50 dB rf power amplifier (Model 240L, ENI, Rochester, NY) and connected to the
corresponding transducer elements through 16:1 impedance reduction transformers to ensure
waveform fidelity. The acoustic pressure field in water was measured with a 0.5 mm diameter
hydrophone (Model NP-1000, NTR systems, Seattle, WA) in a plane along the axis of the trans-
ducer and superposed over the 10 transducer elements in a computer. The scan of the hydrophone
was synchronized to the excitation of the acoustic waves and controlled by a minicomputer. The
received signals were amplified, digitized, and sent to a Sun workstation for further processing.
The field profiles were obtained by superposition of rf field profiles resulting from each individual
element.

Figure 5 shows the simulation results of the X waves (m = 0, 1/2) for the parameters
described above produced by a continuous aperture. Simulation of a 10-element annular array
transducer is shown in figure 6. In figure 5, we can see that the modified X wave has a smaller
lateral beamwidth at near depth (z/D=1) and reduced sidelobe level at far depth (z/D=7) than the
original X wave. The -6 dB depth of field of the modified X wave is increased about 23% com-
pared with that of the original X wave. In figure 6, the piecewise approximation by an actual annu-

42



MODIFIED X WAVES

o o
o : o
-  ZDb=10 ___ Varying Zetg =
® ...... Fixed Zeta &
T o B o
2 o5 [ ] D =50 mm 2 o
) 1 S
v} o
= 0 = o
g < 2 o
= =
] @
E = | E =
8 o é‘s o
o o
o o
o | L ol
a o
-40 -20 0 20 40 -40 -20 0 20 40
Lateral Distance / Central Wavelength Lateral Distance / Central Wavelength
1) @
™
o "
2 | zp=70 Z/D=021012.0

0.8

Normalized Magnitude
0.6
Normalized Magnitude (dB)
10

<+ L
(= T 8 |
oL
= (=]
8 r
=S L L L . . L
-40 -20 0 20 40 2 4 6 8 10 12
Lateral Distance / Central Wavelength Axial Distance / Diameter of Transducer (Z/D)
&) (4)

Fig. 5 Simulated beam plots of the original X wave (m = 0, dotted line) and modified X wave (m
= 1/2, solid line) for parameter values used in experiment (assuming no array quantization,
ie, by a continuous aperture). Panel (1) to (3) represent the peak lateral field amplitude
plots along the X-branches at different depths and panel (4) represents the peak on-axis
field amplitude profile.

lar array transducer shows a stronger influence when z/D is small. This array quantization effect
would be reduced by an annular array with more elements. The experimental results in figure 7
show a good agreement with simulation results in figure 6. The small differences between simula-
tions and experiments could be caused by our assumption in simulations that the transducer transfer
function, B (k), was a Blackman window.

V. SUMMARY

It was shown in figures 1 and 3 that modified X waves with m=1/2 provide a better field
profile compared with the original X wave improving the potential advantage of X waves in ultra-
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Fig. 6 Beam plots of the same X waves in figure 5 simulated with a 10-element annular array
modeling the physical array used in the experiment reported in figure 7. Panels and lines
are identical to those in figure 5.

sonic imaging. The peak on-axis field amplitude of the modified X wave decays more slowly at
large depths than the original X wave and so reaches to -6 dB at a farther depth, as can be seen in
figure 2(a)), which means that the modified X wave has a larger depth of field. Hence, the
sidelobes of modified X waves at long depths (panels (c) and (d) in figures 1 and 3) are much less
than those of original X waves at long depths while the mainlobe widths are slightly larger. In
addition, the modified X wave has narrower lateral beamwidths at short depths, as can be seen in
figure 2(a). In figure 3(a), which shows the field responses of X waves with larger {(r) for medical
applications, the -6 dB lateral beamwidth was 1.51 mm for original X wave and 1.45 mm for the
modified X wave.

The modified X wave with m=1/2 was experimentally produced in figure 7, which shows a
good agreement with corresponding simulation results shown in figure 6. In this experiment, we
calculated the drive waveform of each transducer element according to Eq. (2). However, the actual
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Fig. 7 Beam plots of the X waves corresponding to figure 6 which were generated and measured
by the experimental system of figure 4. The triangular and circular marks in panel (4)
represent the points where the peak on-axis field amplitude were measured.

radiated waveforms from the surface of the transducer will be different from the theoretically cal-
culated ones due to the overall transfer function of the transmitting system for our experiments,
which includes the clectric response of the transmitting circuit and the clectromechanical response
of the transducer. That is, the actual transfer function, B(k), differs from a Blackman window
function used as an overall transfer function in our simulations. The difference between the actual
and assumed transfer functions would cause the difference between the simulated and experimental
field patterns but may not pose a problem from the imaging point of view because B(k) does not
affect the basic properties of X waves determined by Dypp, in Eq. (3). Actally, the experimental
beam plots in figure 7 did not show noticeable difference from the simulated ones in figure 6.
More details regarding the physical realization of X waves have been reported in our previous arti-
cles [8-10].
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Both in figures 6 and 7, the sidelobe levels of the modified X wave are reduced at long depth
(z/D=T). At near depth (z/D=1), however, we cannot see any indication of reduced lateral beam
width that is observed in figure 5. This is because of the piecewise approximation of the driving
waveforms by a ten element annular array. From figures 5 and 6, we can be see that the piecewise
approximation shows a stronger influence at shorter depth and for larger { (the modified X wave
can be thought to have larger { at near depths). Because the simulation and experimental results
are very close (Figs. 6,7), however, one can easily find by simulation how many elements are
needed to produce the X wave with a desired accuracy at short depths with a given aperture size.

From the above discussions, it can be concluded that the modified X wave provides a good
compromise between the depth of field and lateral resolution of the original X wave. Since the
modified X wave provides a larger depth of field, we could increase £ and {; higher than the con-
stant { for the original X wave to reduce lateral beamwidth and sidelobe level without sacrificing
depth of field. We expect that the combined use of the modified X wave and dynamic receive
focus could provide a high resolution and high contrast image over a larger depth of field than con-
ventional focused beams in high frame rate B-scan imaging (that is, when sequential transmit focus
can not be used), because the conventional transmit beams focused at only one point diverge
quickly from the focal point.
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