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[57] ABSTRACT

An ultrasonic imaging system includes a 2D transducer
array which transmits ultrasonic energy at an object to be
imaged. The echo signals received at the separate transducer
elements are weighted to produce limited diffraction beams
and the weighted signals are Fourier transformed to produce
a 3D k-space data array. A 3D image is produced by
performing an inverse fast Fourier transform on the k-space
data array.
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HIGH FRAME RATE IMAGING WITH
LIMITED DIFFRACTION BEAMS

BACKGROUND OF THE INVENTION

The field of the invention is coherent imaging using
vibratory energy. such as ultrasound and. in particular, 2D
and 3D ultrasound imaging using limited diffraction beams.

There are a number of modes in which ultrasound can be
used to produce images of objects. The ultrasound transmit-
ter may be placed on one side of the object and the sound
transmitted through the object to the ultrasound receiver
placed on the other side (“transmission mode”). In the
alternative, the receiver may be positioned on the same side
of the object as the transmitter and an image may be
produced in which the brightness of each pixel is a function
of the amplitude of the ultrasound reflected from the object
back to the receiver (“backscatter” or “echo” mode). The
present invention relates to a backscatter method for pro-
ducing ultrasound images.

There are a number of well known backscatter methods
for acquiring ultrasound data. In the so-called “A-scan”
method, an ultrasound pulse is directed into the object by the
transducer and the amplitude of the reflected sound is
recorded over a period of time. The amplitude of the echo
signal is proportional to the scattering strength of the reflec-
tors in the object and the time delay is proportional to the
range of the refiectors from the transducer. In the so-called
“B-scan” method, the transducer transmits a series of ultra-
sonic pulses as it is scanned across the object along a single
axis of motion. The resulting echo signals are recorded as
with the A-scan method and their amplitude is used to
modulate the brightness of pixels on a display. With the
B-scan method, enough data are acquired from the series of
pulse transmission to reconstruct an image of the reflectors
disposed in a plane extending away from the transducer.

In the so-called C-scan method, the transducer is scanned
across a plane above the object and only the echoes reflect-
ing from the focal depth of the transducer are recorded. The
sweep of the electron beam of a CRT display is synchronized
to the scanning of the transducer so that the x and y
coordinates of the transducer correspond to the x and y
coordinates of the CRT image. Enough data are acquired
from the series of pulse transmissions to reconstruct an
image of the reflectors disposed in a plane at the transducer’s
focal depth.

Ultrasonic transducers for medical applications are con-
structed from one or more piezoelectric elements sand-
wiched between a pair of electrodes. Such piezoelectric
elements are typically constructed of lead zirconate titanate
(PZT). polyvinylidene diflouride (PVDF), or PZT ceramic/
polymer composite. The electrodes are connected to a volt-
age source, and when a voltage is applied, the piezoelectric
elements change in size at a frequency corresponding to that
of the applied voltage. When a voltage pulse is applied, the
piezoelectric element emits an ultrasonic wave into the
media to which it is coupled at the frequencies contained in
the excitation puise. Conversely, when an ultrasonic wave
strikes the piezoelectric element, the element produces a
corresponding voltage across its electrodes. Typically, the
front of the element is covered with an acoustic matching
layer that improves the coupling with the media in which the
ultrasonic waves propagate. In addition, a backing material
is disposed to the rear of the piezoelectric element to absorb
ultrasonic waves that emerge from the back side of the
element so that they do not interfere. A number of such
ultrasonic transducer constructions are disclosed in U.S. Pat.
Nos. 4,217.684; 4.425,525; 4,441.503; 4.470.305 and 4,569,
231
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When used to perform the A-scan, B-scan or C-scan
described above, the ultrasonic transducer may take the form
of a single element which is physically moved to scan the
field of view as the series of ultrasonic pulses are produced
and echoes are received. In most current designs, however,
the transducer typically has a number of piezoelectric ele-
ments arranged in an array and driven with separate voltages
(apodizing). By controlling the time delay (or phase) and
amplitude of the applied voltages, the ultrasonic waves
produced by the piezoelectric elements (transmission mode)
combine to produce a net ultrasonic wave focused at a
selected point. By controlling the time delay and amplitude
of the applied voltages, this focal point can be electronically
“steered” to scan in a plane throughout the field of view.

The same principles apply when the transducer is
employed to receive the reflected sound (receiver mode).
That is, the voltages produced at the separate transducer
elements in the array are summed together such that the net
signal is indicative of the sound reflected from a single focal
point in the subject. As with the transmission mode, this
focused reception of the ultrasonic energy is achieved by
imparting separate time delay (and/or phase shifts) and gains
to the signal from each transducer array element.

This form of ultrasonic imaging is referred to as “phased
array sector scanning”, or “PASS”. Such a scan is comprised
of a series of measurements in which the steered ultrasonic
wave is transmitted, the system switches to receive mode
after a short time interval, and the reflected ultrasonic wave
is received and stored. Typically, the transmission and
reception are steered in the same direction (0) during each
measurement cycle to acquire data from a series of points
along a scan line. The receiver is dynamically focused at a
succession of ranges (R) along the scan line as the reflected
ultrasonic wave is received.

The time required to conduct a scan with a PASS system
is a function of the time required to make each puise/echo
measurement and the number of measurements required to
cover the entire field of view at the desired resolution and
signal-to-noise ratio. For example, a total of 128 scan lines
may be acquired over a 90 degree sector, with each pulse/
echo measurement being steered in increments of 0.70°.
Such a scan might require more than 30 ms. to produce
enough data to reconstruct a single image frame. A number
of such PASS ultrasonic imaging systems are disclosed in
U.S. Pat. Nos. 4,155.258; 4,155,260, 4,154,113; 4,155.259;
4,180,790; 4,470,303; 4.662,223; 4,669,314 and 4.809,184.

Conventional ultrasonic transducers employed in PASS
systems focus the wave providing very high resolution
images of objects lying at or near the focal plane. However,
objects which are not at this focal plane are out of focus and
their resolution in the reconstructed image is reduced. Such
transducers are said to have high resolution, but low “depth
of field”.

Nondiffracting solutions to the wave equation have been
discovered and extensively tested using electromagnetic
waves and ultrasonic waves. Under ideal conditions, these
solutions indicate that transducers can produce a wave that
is confined to a beam that does not diffract, or spread, over
a long distance. Such nondiffractive beams produce a much
greater depth of field than conventional focused beams. In
practice, such beams do eventually diffract due to the
less-than-ideal transducers and propagating media. and the
phrase “limited diffraction beams” has been coined for this
class of beams.

In U.S. Pat. No. 5,081,995, an ultrasonic transducer is
described which produces one well-known type of limited
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diffraction beam, which was first discovered by J. A. Stratton
in a book entitled “Electromagnetic Theory”, published in
1941 by McGraw-Hill Book Company (pg. 356). J. Durnin
performed experimental work in optics using such beams, as
described in an article entitled “Exact Solutions for Nondif-
fracting Beams. I. The Scalar Theory”, published in the
Journal of Optical Society of America, 4(4):651-654 in
April, 1987. This limited diffraction beam is referred to as a
“Bessel beam” because its lateral beam profile is a Bessel
function.

More recently, another type of limited diffraction beam
was discovered by J-y. Lu and J. Greenleaf and described in
an article “Nondiffracting X waves—exact solutions to
free-space scalar wave equation and their finite aperture
realizations”, IEEE Trans. Ultrason. Ferroelec., Freq.
Contr, Vol. 39, pp. 19-31, January 1992. This beam has an
x-like shape in a plane along the wave axis and it has been
termed “X waves”. The X waves are nonspreading in both
transverse and axial directions and have a large depth of field
even when they are produced by a transducer of finite
aperture.

Because prior imaging systems require many pulse/echo
measurements to acquire sufficient data to reconstruct an
image, the rate at which they can produce each image frame
is limited. If higher frame rates can be achieved, there is less
blurring of the image due to motion of the subject. This is
particularly important when imaging the beating heart.

SUMMARY OF THE INVENTION

The present invention relates to an ultrasonic imaging
system for producing images of an object at a high frame
rate. More specifically, the invention includes transmitting a
pulse of ultrasonic energy directed toward the object, receiv-
ing the echo signals from the object and weighting them to
form a limited diffraction beam, Fourier transforming the
weighted echo signals to form a multi-dimensional k-space
data array; and producing an image by inverse Fourier
transforming the k-space data array along each of its dimen-
sions.

A general object of the invention is to construct an image
from echo signals produced in response to a single ultrasonic
pulse and its associated echo measurements. By receiving a
limited diffraction beam, sufficient data are acquired in a
single pulse transmission to substantially fill a k-space (i.e.
spatial Fourier space) data array from which an image can be
reconstructed by a multi-dimensional inverse Fourier trans-
formation.

Another object of the invention is to produce images at a
high frame rate. A complete 2D or 3D image can be
reconstructed from echo signals produced by a single pulse
transmission. The frame rate is not limited by the time
needed to produce multiple, steered, transmit and receive
beams normally required to produce an image. Very sub-
stantial increases in frame rate are achievable with both 2D
and 3D images.

Another object of the invention is to reduce the cost of the
imaging system. Steered transmit or receive beams are not
required to practice the present invention. This results in a
substantial reduction in the amount of computations that
must be performed and it results in a substantial consequent
reduction in the amount of hardware typically required to
produce 2D and 3D ultrasound images. The image recon-
struction uses Fourier transformation circuits which are
commercially available at reasonable cost due to the many
applications of these circuits in a variety of other fields.

Yet another object of the invention is to improve image
quality. Because data for a complete image can be acquired
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quickly and efficiently, multiple acquisitions can be made
and averaged, or otherwise combined either coherently or
incoherently using known methods. This results in an
increase in the signal-to-noise ratio and an improvement in
the quality of the reconstructed image.

Yet another object of the invention is to increase image
resolution and reduce sidelobes. This may be achieved by
also transmitting the pulse of ultrasonic energy as a limited
diffraction beam. In the preferred embodiment a plane wave
is transmitted by energizing all of the transducer array
elements with the same signal pulse. If the transmit signals
applied to each transducer element are weighted to produce
limited diffraction beams, the resolution of the resulting
image is improved, and artifacts caused by sidelobes are
reduced.

The foregoing and other objects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying draw-
ings which form a part hereof, and in which there is shown
by way of illustration a preferred embodiment of the inven-
tion. Such embodiment does not necessarily represent the
full scope of the invention, however, and reference is made
therefore to the claims herein for interpreting the scope of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a pictorial representation of an ultrasound
imager used to explain the present invention;

FIGS. 2a and 2b are vector representations of the k-space
data acquired using the method of the present invention; and

FIG. 3 is an electrical block diagram of a preferred
embodiment of the invention used to produce 3D images.

GENERAL DESCRIPTION OF THE INVENTION

In this section, 2D and 3D image construction formulas
for a pulse-echo ultrasound system will be derived using
limited diffraction beams.

As described in the above-cited article on non-diffracting
X waves, the equation for such a wave may be expressed as
follows:

D (F o) = By (hbz—cs) = 2

ein J - B(k)Mn(kr sinl) eHoo-icosiz—<10ldk, (n=0,1,2, .. .)
0

where ?4r.¢.z) represents a spatial point in the cylindrical
coordinates, t is time, r is radial distance, ¢ is polar angle, z
is the axial distance, c,=c/cos { is the phase velocity of X
waves, k=w/c is the wave number, ®=27f is the angular
frequency. f is the temporal frequency, c is the speed of
sound, {(0={<n/2) is the Axicon angle of X waves, J () is
the nth-order Bessel function of the first kind, B(k) is any
well behaved function that could represent the transfer
function of a practical acoustic transducer, and a, is a
constant that determines the fall-off speed of the high-
frequency components of X waves and n is termed the
“order” of the waves.

With an infinite aperture, X waves can propagate to
infinite distance without changing their wave shapes. If the
aperture is finite, these waves have a large depth of field. For
example, if the diameter of the aperture is D, the depth of
field of the waves is given by the following:
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If D=50 mm and {=6.6°, the depth of field is about 216 mm
(the depth of field is defined as the axial distance from the
surface of transducer where the peak pressure of the wave
drops to —6—dB of that at the surface).

Summing the X waves in Equation (1) over the index. n,
broadband limited diffraction array beams are obtained that
are still limited diffraction solutions to the isotropic-
homogeneous wave equation

Dams(5) = e Peimdy (r,dz —cif) = @

J " B [ T Plyikrsind) eme-9 ] e-Hoo-ieoia—<101f,
0 n=—co
where 0=0<27 is a free parameter and the subscript “Array”
represents “array beams”. Because of the following equality,
T (ke sink) en0-8) = ciirsinleaxs-0) @
n=—oo

the array beams can be written as:

. ®
PhrreyF )= J . (k) elbwriityroles ot =

- I R Y ppm——

where
TEHE) sttt ©)
c

is the Fourier transform (spectrum) of the array beams in
terms of time,

JON

is the Heaviside step function, T(k)=2nB(k)e™**, and

1, 20 &)

0, w<0

k. = ksinfcos® = kycosh, ®)

k, = ksinlsin® = k;sind,
k=kosl=N 2-kZ =z0,

and where
k=N kZ+k? = ksinf,

In the following discussion the relationship between the
backscattered signals received from an object as a limited
diffraction array beam and a 3D or 2D image reconstruction
of the object is established. Although the exact array beams
as set forth in equation (5) and the use of an infinite aperture
are assumed in the derivation, good images may be con-
structed using a transducer with a finite aperture within the
depth of field of the beams as set forth in Equation (2).

Referring particularly to FIG. 1, assume that a 3D object,

)

f(?) (reflection coefficient). is composed of randomly posi-
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6
tioned point scatters embedded in a uniform background
supporting a constant speed of sound. A broadband circular
2D array transducer 10 is excited to produce a plane wave
pulse (broadband) that is expressed as follows:

o o (10)
Pz-ci) == j ARy eeendy = — J. AQK) eteiar gk,

where

A(k) e (11

c

is the temporal spectrum of the plane wave pulse.

If the same array transducer 10 is used as a receiver and
is weighted to produce a limited diffraction array beam
response with the parameters k, and k,, the received signal
for the wave scattered from a point scatter located at

?:(x.y.z) is given by the following convolution:

R () = KONP(E = ety (7 )] = a2

1 J‘ Agk}T(ck)Hgk) e yr—

where “*” represents the convolution with respect to time
and where k_'=k+k_, and the superscript “(one)” means “one
point scatterer”. This uses the fact that the spectrum of the
convolution of two functions is equal to the product of the
spectra of the functions.

Because the imaging system is linear, the received signal
for echoes returned from all the scatterers within the object

f(_;) is a linear superposition of those echo signals from
individual point scatters as follows:

R yr ()= (13)
—2:.—:— J‘ o ﬂ’ﬂ&:ﬂ’_‘l [J. £ eiwk,wk'gtd_;] etong) =
—oo 1%
L j ABTOHE). 4, k) e

The 3D Fourier transform pair in this expression is defined
as follows:

(14)
Flhokyky) = j , S eltamsisritee gy

and

. jmj j Flnky e tkorbor-the e gl e,
ey J ) L) .

fH=
where V is the volume of the object f(_;).

From Equation (13) the temporal Fourier transform
{spectrum) of the received signal is obtained:
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(15)

Rup (o) = ARTOHD poe ey

or
Fy(kky k) = CHK) Ry s i (),

where H(k) is used to indicate that only positive values of k
are used, and

10

F gy (kokyhe AR T (ko kyoky) (1)

is a band-limited version of the spatial Fourier transform of
the object function, the subscript “BL” means ‘“band-
limited”, and the combined transmit and receive transfer
function, A(k)T(k), of the array transducer 10 is assumed to
be proportional to the following Blackman window func-
tion:

& m 20

ko

2nk

0.42 - 0.5¢cos +0.08005T , OS kS 2k,

W) =
o,

where k;=2nf,/c and f, is the central frequency. The ~6 dB
bandwidth of W(k) is about 81% of its central frequency
which is typical for medical ultrasound.

By taking the inverse transformation of Equation (16). an
approximation of the object function can be constructed
using the definition of the spatial Fourier transform in
Equation (14)

otherwise

25

£ = foulr) = 18P =

where the first approximation is due to the finite bandwidth
of received signals and the second approximation is due to
the requirement that

k>=\] k2 + k2

45
must be satisfied. Thus, only part (indicated by the super-
script “Part”) of the spatial Fourier transform of the object
function is known. It has been found that these approxima-
tions do not significantly affect the quality of constructed

images. 50

With Equation (8). the above equation (18) can be written
in terms of the other set of independent variables, k. ¢, and

0 55
N 2 oo n 2 . . (19
b, 0] =W J o kzko‘ T a0 J‘ 0 sinl(1 + cosC)ILR 1, e(®)
ik sinloos@—O)Tk(1+c0el)z 60

M, 0o | AlTEHG) [ [ s,n(&,wywy]emmk:%j ARTEHO) po oo,

1 J ” dk‘J‘ T 4 AF g1 k) e-an-tr-is
(2ny —o0 —eo & k>=\ kxz+k,2 o

8
where ﬁ'k,go(m):ﬁk o e (©)
|3k 20)
dodlod = 5 TBy l"’“’w’
and where
ke Ok Ohe an
ok oC o8
Dkarkyk's) ok, 3k 3%, :
—&Le | Tw X m = k2sinf(1 + cosl)
ok, ok, oK
ok oC o8

is the Jacobian determinant. For a practical array transducer
10 of a finite diameter, D, the depth of field of the array
beams is determined by Equation (2). If one is interested in
objects within a given depth of field, Z ., the correspond-
ing Axicon angle, . =n/2, can then be calculated. In this
case, the integration over { in Equation (19) should be from
0 to {,... As shown in FIG. 2, {,,, determines the maxi-
mum open angle of the spherical cone.

I the object function f(?). is real, which is the case in
most applications, the following is true from Equation (14):

F(—kpky—k FF Xk ok k),

where the superscript “*” means complex conjugate. In this
case, the spatial Fourier transform of the object function in
the lower Fourier space (k.'<0) is also known.

(22

(18)

The above Equations (18) and (19) which define the

construction of 3D images of 3D objects f(?) can be
simplified to 2D cases for both B-mode imaging (assuming
that objects do not change in the elevation direction, y) and
C-mode imaging (assuming that objects are only a thin layer
located at an axial distance z=z, away from the transducer
10, where z, is a constant).

C-mode imaging assumes the object function f(?) in
Equation (13) represents a thin layer that is parallel to the
surface of the 2D array transducer 10. This is indicated as
follows:

E O )20, )

where & is the Dirac-Delta function and f"(x.y) is a trans-
verse object function. The received signal is then expressed
as follows from Equation (13):

)
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