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Abstract

The paper describes the modified synthetic focusing (SF) algorithm for ultrasound imaging. Synthetic focusing method
being a particular case of the synthetic aperture (SA) technique is an alternate to a conventional phased array. At each time
one array element transmits an ultrasound pulse and all the elements receive the echo signals. The modification discussed
here concerns a directivity property of array element which becomes significant as the element width becomes comparable
to the wavelength corresponding to the nominal frequency of transmit signal. The angular dependence of the radiation effi-
ciency of array element is approximated by a far-field radiation pattern of a single narrow strip transducer excited by a
time harmonic uniform pressure distribution over its width. The corresponding function is calculated at the nominal fre-
quency of excitation signal and is incorporated into the conventional SF imaging algorithm. The comparison of the modified
and conventional SF algorithms by means of numerical experiments performed with the help of FIELD II simulation pro-
gram for MATLAB environment reveals significant improvement of the image quality in the region close to the aperture as
well as increase in the imaging depth.

1. INTRODUCTION synthetic aperture for ultrasonic imaging. In SAFT imaging,
Ultrasound imaging has become one of the primary at each time only a single array element transmits a pulse
techniques for medical imaging mainly due to its and receives the echo signal [2, 3]. Multi-element synthetic
accessibility, non-ionizing radiation, and real-time display. aperture focusing (M-SAF) is an alternate to SAFT [4]. A
High resolution ultrasound images can be obtained by using ~ 8roupP of elements transmit and receive signals
array transducers and advanced beam-forming techniques. ~ Simultaneously, and transmit beam is unfocused to emulate
However, while array transducers make it possible to obtain @ single element response. The acoustic power and the
high resolution images, manufacturing array transducer Signal-to-noise ratio are increased as compared to SAFT
elements for applications at frequencies greater than 30 where a single element is used. Synthetic focusing method
MHz is expensive and hard to achieve. Therefore, single- ~(SF) [5] is an alternate to a conventional phased array. At
element transducers are used commonly in high frequency ~ €ach time a single array element transmits an ultrasound
ultrasonic imaging. As a result, due to the fixed focal length pulse and all elements receive the echo signals. The
of single element transducers, the lateral resolution outside advantage O_f this approach is that a full dynamic focus@ng
the focal region become poor. Synthetic aperture imaging can be applied to both transmit and receive modes, giving
may offer a solution to this problem. Synthetic aperture the highest imaging quality. The synthetic transmit aperture
imaging techniques were initially implemented in remote (STA) [6, 7] is done by splitting transmit aperture into
sensing/imaging by radar and were then used in sonar Several sub-apertures. At each time one sub-aperture
imaging. Synthetic aperture imaging technique also known  transmits an ultrasound pulse and all the elements receive
as synthetic aperture focusing technique (SAFT) has been the echo signals. In all this methods it is assumed that the
applied to ultrasound imaging [1]. Synthetic aperture is a transmit and receive elements are the point-like sources and
post-processing reconstruction technique which utilizes a the dynamical focusing is realized by finding the geometric

single element transducer to synthesize the effect of a larger ~ distance from the transmitting element to the imaging point
aperture. Several methods were proposed to form a and back to the receiving element. But when the element
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size is comparable to the wavelength the influence of the
element direcivity on the wave field generation and
reception become significant and if ignored might be a
source of errors and noise artefacts in the resulting image. In
this paper we endeavor to modify the SF algorithm in order
to take into account the single element directivity to
improve the quality of the resulting image. For this purpose
the array element is modeled as a narrow strip transducer
with a time harmonic uniform pressure distribution over its
width for the far-field radiation pattern calculation. An
analytical expression for the corresponding directivity
function is available in literature [8]. The far-field
assumption is shown to be acceptable in the considered
cases of the transducer dimension to wavelength ratios. The
paper is organized as follows. In the next section the brief
discussion of synthetic focusing algorithm is given. In Sec.
3 the modified algorithm is discussed for the SF case. The
model of a narrow strip transducer is briefly discussed for
the purpose of the far-field radiation pattern calculation,
which approximates the directivity property of transmit-
receive array element. And finally in Sec. 4 some results of
numerical experiments performed by means of the FIELD
IT simulation program [9] for MATLAB environment are
given.

2. SYNTHETIC FOCUSING ALGORITHM

As an alternate to the conventional phased array imaging
technique a synthetic focusing method [5] can be used. It
provides for the full dynamic focusing both in transmit and
receive modes yielding the highest imaging quality. In this
method, a full aperture is synthesized by using multiple
firings. On each firing, a single element acts as a transmitter
and all elements as the receivers. For an N-element array,
NxN independent recordings are required to synthesize an
N-element phased array in both transmit and receive modes.
Conceptually, an SF system has all the characteristics of a
conventional phased array. The depth of field is extended
without any reduction in frame rate. The focusing is
performed by finding the geometric distance from the
transmitting element to the imaging point and back to the
receiving element. The structure of the synthetic aperture
and geometric relation between the transmit and receive
element combination is shown in Fig. 1.

Fm *n
nnoonnnannoaRmonl
owooooopoooo oy

ciément K

Fig. 1. Geometric relation between the transmit and receive
element combination and the focal point
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When a short pulse is transmitted by the element m and
the echo signal is received by the element n, as shown in
Fig. 1, the round-trip delay is

Ton= Tt Tos @)
where (m, n) is the transmit-receive element combination,
1 <m, n < N. The corresponding delays for m’th and n’th

element relative to the imaging point (r,0) are

_1
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where xn, X, are the positions of the m’th and n’th elements,
respectively, and r, 6 are the polar coordinates of the
imaging point (r,0) with respect to the origin placed in the
center of the transducer's aperture. In the case of the N-
element array for each point in the image, the A-scan signal
can be expressed as follows

A(r,0)=2. 2 Yu.,

2 3)

where y.., (t) is the echo signal and 7,, is the round-trip
delay defined in (1) for the (m, n) transmit-receive element
combination. The first and the second summations
correspond to the transmit and receive beam-forming,
respectively.
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3. MODIFIED SF ALGORITHM

In the described above SF algorithm for each point in the
resulting image every combination of transmit-receive pairs
contributes according to the round-trip propagation time
only. The angular dependence is not taken into account in
the applied point-like source model. But when the width of
the array element is comparable to the wavelength
corresponding to the nominal frequency of the emitted
signal, the point-like source model becomes inaccurate. The
element directivity influences the partial contribution to the
resulting signal A(r,0) in (3) depending on the mutual
position of the imaging point and transmit- receive pair,
determined by the angles 6., 6, (see Fig. 1). In this section
we develop a modified SF imaging algorithm which
accounts for the element directivity function and its
influence on A(r,0). The underlying idea can be illustrated
on the following example shown in  Fig. 2. Let us assume
the case when the same element transmits and receives
signal. Two scatterers located at the points with polar
coordinates (r;,0;), i=1,2 such that ry,=r»» would contribute
to the corresponding echo signal ym.(t) simultaneously,
since the round-trip propagation time 2ri./c, i=1,2 is the
same. Apparently, the contribution from the scatterer at the
point (r1,0,) would be dominant, since the observation angle
0:m coincides with the direction of maximum radiation for
the m-th element, whereas its transmit-receive efficiency at
the angle 6, is much smaller for the case of the scatterer at
the point (r,,0,). Thereby, evaluating the value of A(r,,8,)
from (3), the partial contribution of the echo ym(t) in
addition to the correct signal from the obstacle located at
(r2,02) (being small due to the large observation angle 6..),
would also introduce the erroneous signal from the scatterer
located at (r1,0:). The latter signal is larger due to the small
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observation angle 6,. The larger observation angles appear
in the imaging region close to the array aperture. Therefore,
the most appreciable deviation from the point-like source
model of the array element will occur there. A solution to
the problem is proposed which accounts for the observation
angle in accordance with the array element directivity
function. Assume that the dependence of the transmit-
receive efficiency of a single array element versus the
observation angle is known and is denoted by f(6,), where
0. is measured from the line parallel to z-axis and passing
through the m-th element center. Thus, in order to suppress
the erroneous influence from the scatterer located at (r1,61)
on the value of the resulting signal A(r»,0,), the partial
contribution of the echo ym.(t) is weighted by the
corresponding value of f(B,,). This corresponds to the
superposed signal correction in accordance with respective
contributions of individual scatterers located at the points
(r1,61) and (r,62).
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Fig. 2. Influence of the scatterer located at the point (r1,6:) on the
value of resulting signal A(r»,0,) for imaging point (i2,6-)

The above considerations lead to the following modification
of the SF imaging algorithm
N N

A(r,0)=2 2 f(6,)f(0,) Yu.n

e
m=1 n=1 c ’
where 0(r,0), i=m,n are the corresponding observation
angles for the transmit-receive pair. Note, that the angles
depend on the spatial location of the imaging point (r,0).
The directivity function f(0) can be calculated in the far-
field approximation for a single element of the array
transducer in analogous manner as in [8]
_sin(r d/Asin®)
Fo) wd/Asin6 >
where d is the element width, and A is the wavelength. The
above result applies to a narrow strip transducer with a time
harmonic uniform pressure distribution along its width. It is
obtained by means of the Rayleigh-Sommerfeld formula in
the far-field region. The result is in a good agreement with
experimental studies as shown by the authors in the cited
work. For simplicity, we apply (5) in the numerical results
presented in the next section. It should be noted, that we use
the angular response f{8) in (4) evaluated from (5) for some
fixed value of A which corresponds to the nominal
frequency of the transmitted signal both in transmit and

2r 4

>

0s0,

199

receive modes. The far-field approximation is admissible for
the case of SF algorithm discussed here. For the typical
examples considered in the next section, the ratio d/A=1.125

is assumed. The far-field limit rmn. ~2d*A [10] is 2.5A,
which requirement is met in the considered numerical
experiments.

4. NUMERICAL RESULTS AND DISCUSSION

The numerical results presented in this section were per-
formed by means of the FIELD II simulation program [9]
for MATLAB environment. A 48-element linear transduc-
er array excited by one sine cycle burst pulse at a nominal
frequency of 5 MHz is assumed. The element pitch is 1.5A
and the inter-element spacing is 0.25 of the pitch, where A
corresponds to the nominal frequency of the burst pulse.
The SF algorithm is employed which means that each time
only a single element transmits the probing signal and all
the elements receive the echoes. The transmit and receive
elements combinations give a total of 48x48 possible RF A-
lines. All these A-lines echo signals are sampled indepen-
dently at a frequency of 50 MHz and stored in RAM. In Fig.
3 the results of simulation of a wire phantom are shown.
Thin wires are spaced equidistantly with internals of 6A in
the lateral and axial directions. Fig. 3a corresponds to the
modified SF algorithm (4) with the angular directivity func-
tion calculated according to (5), whereas in Fig. 3b the re-
sults corresponding to the conventional SF algorithm (3) are
shown for comparison.
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Fig. 3. Thin wire phantom simulation using modified a) and
conventional b) SF algorithm. A 48-element linear array with
element pitch of 1.5\ and inter-element spacing of 0.25 of the
pitch is excited by one sine cycle burst pulse at a nominal
frequency of 5 MHz; absolute values.

It is observable that the artefacts around the scatterers near
the transducer aperture that are appreciable in the case of the
conventional SF algorithm, are substantially suppressed in
the case of the modified algorithm. This is illustrated in de-
tails in Fig. 4 where the selected region of the phantom is
shown. Moreover, the scatterers located deeper are hardly
noticeable in Fig. 3b, whereas in the case of the modified SF
algorithm they are plainly distinguishable. The above exam-
ple confirms that the simple modification of the SF algo-
rithm, discussed in sec. 3, yields considerable improvement
of the imaging quality in the region close to the transducer
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aperture and increase in the visualization depth at the same
time.

4. CONCLUSION

In this work the modified synthetic focusing algorithm for
ultrasound imaging is presented and discussed. The modifi-
cation is based on the array element angular directivity in-
corporation into the conventional method. It is shown the
the far-field radiation pattern of a narrow strip transducer
calculated for the case of a time harmonic uniform pressure
distribution over its width can serve as a good approxima-
tion for the above directivity function.
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Fig. 4. Part of the phantom selected in Fig. 3 for the case of
modified a) and conventional b) SF algorithm;absolute values.

The numerical results obtained by means of the FIELD II
simulation program for MATLAB environment has shown
distinguishable improvement of imaging quality in the phan-
tom region near the transducer aperture. The artefacts in the

form of hazy blurring, observable in the case of convention-
al SF algorithm are substantially suppressed in the case of
the modified SF algorithm. Besides, the imaging depth is
also increased, which is the valuable virtue of the devel-
oped method. It seems to be perspective to work further on
the presented approach. Namely, the experimental results
would be a good verification of the method. One of the pos-
sible continuations of the research is an application of the
concept of directivity function calculated for different spec-
tral components of the transmit-receive signal separately in-
stead of using the far-field radiation pattern calculated for
the fixed wavelength. Also it seems to be perspective to im-
plement a similar modification into the synthetic transform
aperture (STA) method for the cases of not large transmit
apertures. Another possibility is to use a model of a finite
system of narrow strips instead of a single strip transducer
in order to calculate the far-field radiation pattern. This
would account for the influence of interaction of the array
elements and require the solution of the boundary value
problem for strips.
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