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Ultrasonic focusing and scanning with multiple waves”
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This paper presents a new focusing and scanning method which focuses multiple waves on a target. The key of the
method is to control excitation pulses for each element of the transducer array. The excitation pulse on each array element
is obtained by time reversing the signal received by the same element, which is generated by an imaginary source at the
target. The excitation pulses from all array elements are transmitted and arrive at the target simultaneously, and focusing is
achieved. The performance of the two methods is compared in numerical examples, and it is demonstrated that the proposed
method achieves a satisfactory focusing and a good signal-to-noise ratio no matter where the target location is.
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1. Introduction

Propagation of the ultrasonic wave in media is very

[1-3] Ultrasonic focusing and imaging have been

complicated.
become an important research topic. The acoustical time re-
versal and the ultrasonic phased array have been studied and
applied in many fields as the effective focusing methods.

Time reversal is extended from the phase conjugation
method of a monochromatic continuous wave in an optical
field. Self-adaptive focusing can be achieved by using the time
reversal technique without knowing the acoustic parameters of
amedium, the transducer configuration, and other prior knowl-
edge. Due to this characteristic, the time reversal method has
been widely used in many fields, such as ultrasonic testing.[*~]

The principle of ultrasonic time reversal focusing is to use
a transducer array to receive an acoustic signal from a sound
source or scattering from a scatter, which is then reversed and
re-transmitted. This re-transmitted signal will be focused self-
adaptively on the location of the source or the scatter. Self-
adaptive focusing can be achieved by using the time-reversal
technique in a medium without knowing the acoustic param-
eters of the medium, and it can also be achieved by using
time-reversed waves generated from a source or scattered by a
scatter. These two features of time-reversal focusing can well
compensate for the shortages of the ultrasonic phased array
technique which can only focus one type of waves.

The ultrasonic phased array utilizes an electronic tech-
nique to control the time delay, the pulse length, and the ampli-
tude of the transmitted signal on each array element. Therefore
the shape and the orientation of the focused acoustic beam can

g [10-15

be controlled by electronic technique I Currently, the ul-
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trasonic phased array method can only focus on one type of
wave with a time delay calculated for this kind of wave on
each array element for transmission and reception. However,
this method encounters difficulties in the situation where com-
pressional (P) and shear (S) waves and a variety of guided
waves with different propagation velocities exist in a complex
medium. The phased array can obtain good focusing in one
direction for one type of wave, for instance, the S-wave by
controlling the time delay based on the S-wave velocity, while
in another direction, focusing will not be achieved using the
same time delay. That is to say, the phased array method can-
not give a good focus in the whole detected region when more
than one types of wave exists in the detecting region.

In this paper, a new ultrasonic focusing and scanning
method for focusing multiple waves is proposed. The new
method utilizes time reversal self-adaptive focusing for mul-
tiple waves and compensates the shortage of the ultrasonic
phased array scanning. The performance of the new method
is compared with that of the ultrasonic phased array method
by numerical examples in which different configurations of
a transducer array and a target location are considered. The
reminder of this paper is organized as follows. Section 2 in-
troduces the new method. Section 3 presents the numerical
examples, and Section 4 summarizes and discusses the work.

2. Ultrasonic focusing and scanning with the
time reversal technique

Consider an elastic solid half-space with a free surface. A
transducer array of N elements is placed on the free surface.
Each element of the transducer array transmits an acoustic sig-
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nal induced by an electric excitation and receives the reflected
signal or scattering from targets. For convenience, we con-
sider the half-space to be a two-dimensional medium and use
the Cartesian coordinates (x, z), where the x axis is along the
free surface and the z axis points to the medium interior. The
origin of the coordinate system is at the centre of the trans-
ducer array (Fig. 1).

z A

Fig. 1. Configuration of ultrasonic scanning using the time reversal
method, where an N-element transducer array is placed on the free sur-
face and the center of the transducer coincides with the origin of the
coordinates. Target A is located at (r;, 6 j).

The phased array uses an ultrasonic focusing and scan-
ning method, and it generates a focused acoustic beam whose
direction and shape can be controlled by time delays of the ex-
citation signals on elements of the transducer array. By chang-
ing the time delays, the focused acoustic beam moves gradu-
ally and scans the whole detecting area. However, the phased
array method can only focus and scan one type of wave. In an
elastic medium, multiple types of waves with different propa-
gation velocities usually exist. The phased array method can-
not achieve focusing for all types of waves in the whole de-
tecting area. For this reason, the time reversal method, a self-
adaptive focusing method that focuses on all types of waves
on a focal point, is considered and used for focusing and scan-
ning by controlling the electric excitation signals (instead of
time delays) on the array elements. The key of this method is
to design an excitation signal on each array element so as to
form an acoustic beam which focuses multiple types of waves
on the focal point, and by moving the focal point gradually,
the whole detecting area is scanned.

According to the above idea of multiplewave focusing
and scanning we present a method for calculating the exci-
tation signals to realize ultrasonic focusing and scanning with
multiple waves by time reversal in the following steps.

(i) Assume a point source at point A (a target, see Fig. 1).
It is straightforward to calculate the received signal on each

ft)=

)

array element with known acoustic parameters of the medium
when the source transmits an acoustic pulse. Assume that the
z- (or x-) component of the particle displacement received by
the j-th array element is U, ().

(ii) Reverse the received signal U;(z) to get U;(T —1) ,
where 7T is the time duration of the received signal. It can
be concluded according to the principle of time reversal that
the acoustic beam will focus self-adaptively on the target, A,
when the time reversed signal U;(T — ) is transmitted from
the element. Therefore, the acoustic beams from all array ele-
ments will focus on target A for all kinds of waves when signal
U;(T —1) is designed as the excitation signal for the corre-
sponding array element.

(iii) Change the target position of A and repeat steps (i)
and (ii).

The whole detecting area will be scanned and the acous-
tic field is always focused on target A self-adaptively no matter
what position A is in. Scanning with the focused beam is real-
ized for all types of waves. In steps (i) and (ii), an imaginary
source at the target location is only a tool. The purpose is to
get an excitation pulse on each array element. The excitation
signal will make all types of waves focused on target A simul-
taneously.

3. Numerical simulation and analysis

The time reversal focusing method present above is com-
pared with the phased array method by using numerical exam-
ples. In the simulation, the configuration of Fig. 1 is used, and
the elastic medium is chosen to be steel in which the P- and S-
wave velocities are 6000 m/s and 3000 m/s, respectively. For
simplification, the effect of surface waves is ignored and only
focusing effects of the P- and S-wave fields are analyzed. The
ray approximation method!'®! is used for calculating the P and
S wave fields in the medium. The transducer consists of 16
elements with 1.7 mm spacing, and the width of each element
is 1.32 mm. The center of the transducer array coincides with
the coordinate origin. Each element of the transducer array
vibrates along the z direction and radiates an acoustical field
under the electric excitation.

For phased array focusing by P-wave (or S-wave) time
delay, a cosine envelope is chosen to excite each element. The

cosine envelope can be represented as

1 2r T T
2|:]+COST(t—2>]cos2ﬂfo(l‘—2), <t<T, )

where ¢ is the time variable, fj is the central frequency, and T is the pulse length.
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For multiple-wave focusing, the excited pulses of the ar-
ray elements are obtained by assuming a point source on the
target. In the numerical simulation, we suppose that the point
source vibrates along the z direction and transmits a cosine en-
velope with T = 10/ fy and fy = 3.5 MHz. The waveforms at
the array elements are calculated using the ray approximation
method.!'3! First we assume that the z component of the dis-
placement on the j-th array element is U;(¢). Then, we reverse
signal U;(r) to get U;(T —t) which is the excitation pulse on
the j-th array element for multiple-wave focusing. In the nu-
merical simulation, U;(T —r) is always normalized so that the
maximum of the excitation signal on each element is the same.

To analyze the characteristics for only P-wave or S-wave
focusing, and for both P-wave and S-wave focusing, we cal-
culate the z-component (u,) of the displacement at three target
locations by the phased array method for the P-wave or S-wave
field and by the proposed focusing method for both the P-wave
and S-wave fields.

Figure 2 shows u,(t) at the target location (0.1 m, 0.01 m).
The focused wave field is achieved by giving a time delay to
each array element. The time delay is calculated with the P-
wave (Fig. 2(a)) or S-wave (Fig. 2(b)) velocity based on the
phased array method. Figure 2(a) indicates that the amplitude
of the P-wave is very small, although the P-waves superpose
in phase at the target location. The amplitude of the S-wave is
relatively large compared with that of the P-wave. The reason
for this is that the angle between the target location and the
horizontal axis 8 = tg~'(0.1) is very small and the transmit-
ted signal from the transducer array has a much smaller com-
ponent in the P-wave direction than that in the direction per-
pendicular to the P-wave direction, which contributes to the
S-wave. The amplitude of the P-wave in Fig. 2(b) is almost
invisible due to both the small projection of the transmitted
signal and the out-of-phase superposition. The amplitude of
the S-wave is large, which results from both the large projec-
tion of the transmitted signal contributing to the S-wave and
the in-phase superposition. It shows that the focusing results
are not good with the phased array method by the superpo-
sition of the signals from all of the transducer elements with
the time delays calculated with the P-wave velocity when the
angle 0 is very small.

Figure 3(a) displays the excitation signals of transducer
elements for the same target location (0.1 m, 0.01 m) when
both the P-wave and S-wave are used for focusing. For con-
venience, the transducer elements are numbered 1, 2, ..., 16
from left to right in Fig. 1, and the waveforms from top to
bottom in Fig. 3(a) correspond to the excitation signals of ar-
ray elements 1, 2, ..., 16, respectively. The excitation signals
of the transducer elements are obtained by the time reversed
waveform generated by an imaginary point source vibrating in
z-direction at the target location. Figure 3(b) displays the re-

ceived wavefield at the target when all array elements transmit
the excitation signals given in Fig. 3(a). It is clearly shown
in Fig. 3(b) that both the P-wave and the S-wave arrive at
the target simultaneously and superpose coherently so that a
large peak is obtained. Compared with that in the phased ar-
ray method, the excitation signal on each element (instead of
the time delay) is controlled for the target. The focused wave
field in Fig. 3(b) indicates that both the P-wave and the S-wave
are focused with a narrow beam at the target location simulta-
neously. Good focusing is achieved.

Figure 4 presents the results when the target location is
at (0.01 m, 0.1 m). In this case the angle between the target
location and the horizontal axis 8 = tg~!(10) is very large and
the transmitted signal from each element has a larger projec-
tion to the P-wave and a very small projection contributing to
the S-wave. Figure 4(a) shows that the amplitude of the P-
wave is very large due to the large projection and the in-phase
superposition, while the S-wave is invisible due to the small
projection and the out-of-phase superposition. Figure 4(b) in-
dicates that the amplitude of the P-wave is much larger than
that of the S-wave even though S-waves superpose in phase.
It is indicated that the focusing results are not good with the
phased array method by superposition of the signals from all
the transducer elements with time delays calculated based on
the S-wave velocity when the angle 6 is very large.
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Fig. 2. (color online) Waveform of the vertical component of the dis-
placement u,(¢) at target location (0.1 m, 0.01 m) in the phased array
method with the time delay calculated based on (a) the P-wave velocity
or (b) the S-wave velocity.

014302-3



Chin. Phys. B Vol. 22, No. 1 (2013) 014302

" (a)

Number of array elements
TR LN OO 0O~TD U LoD

e et e e et

0 1 2

1

Time/107°s

(b)

Amplitude/10~> m
o

2 3 4

5

Time/1075s
Fig. 3. (color online) (a) Excitation signals of the transducer elements
and (b) waveform at the target location of (0.1 m, 0.01 m) when both
the P-wave and The S-wave are used for focusing.
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Fig. 4. (color online) Waveform of the vertical component of the dis-
placement u,(z) at target location (0.01 m, 0.1 m) in the phased array
method with a time delay calculated based on (a) the P-wave velocity

or (b) the S-wave velocity.

Figure 5(a) displays the excitation signals of the trans-
ducer elements for the target location of (0.01 m, 0.1 m) when
both the P-wave and S-wave are used for focusing. Figure 5(b)
shows the focused wave field at the target location. The result
is the same as that shown in Fig. 3(b). It shows that both the P-
wave and the S-wave arrive at the target simultaneously. Good

focusing with multiple waves is achieved.
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Fig. 5. (color online) (a) Excitation signals of the transducer elements
and (b) waveform at the target location of (0.01 m, 0.1 m) when both
the P-wave and the S-wave are used for focusing.

Figure 6 presents the results when the target location is at
(0.09 m, 0.045 m). The angle between the target location and
the horizontal axis 6 = tg~!(0.5) is moderate and the projec-
tions of the transmitted signals from the transducer elements
to the P-wave and the S-wave are not so different. However,
it can be seen in Fig. 6(a) that the amplitude of the P-wave is
much larger than that of the S-wave when using the time de-
lay based on the P-wave velocity, while the amplitude of the
S-wave is much larger than that of the P-wave when using the

time delay based on the S-wave velocity, as shown in Fig. 6(b).
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Fig. 6. (color online) Waveform of the vertical component of the dis-
placement u, (1) at target location (0.09 m, 0.045 m) in the phased array
method with time delay calculated based on (a) the P-wave velocity or
(b) the S-wave velocity.

Figure 7 illustrates the same results as those shown in
Figs. 3 and 5. For this target location, the amplitudes of the
P-wave and the S-wave are comparable and therefore the ex-
citation signals contain two pulses (Fig. 7(a)). The S-wave
excited by the first pulse and the P-wave excited by the second
pulse arrive at the target simultaneously to form the coherent
superposition (Fig. 7(b)). Good focusing with a narrow beam
and minor side-lobes is achieved.

The analysis of the three examples in which the target
is located at three different directions indicates that multiple-
wave focusing has two advantages. Firstly, it focuses the
multi-wave energies on the target simultaneously and the
signal-to-noise ratio is much improved compared with that in
the phased array method; secondly, phase array focusing is
based on the time delay for one particular type of wave and
therefore the scanning range is relatively narrow. For instance,
focusing with the time delay based on the P-wave velocity is
only suitable for the region with small reflection angles of the
acoustic beam, while focusing with the time delay based on
the S-wave velocity is only suitable for the region with large
reflection angles of the acoustic beam. However, the proposed
method in this paper can give a very good focus no matter
where the target location is.
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Fig. 7. (color online) (a) Excitation signals of the transducer elements
and (b) waveform at the target location of (0.09 m, 0.045 m) when both
the P-wave and the S-wave are used for focusing.

4. Discussion and conclusion

The ultrasonic phased array method can only achieve fo-
cusing for a single type of wave and encounters difficulties
when there are multiple types of waves in a medium. A new
focusing and scanning method which can focus multiple types
of waves is proposed. This method utilizes self-adaptive fo-
cusing characteristics of time reversal and makes all types of
waves arrive at the target location simultaneously and focus on
the target. The method also compensates for the shortcomings
of ultrasonic phased array scanning which can only focus on
a single type of wave. The proposed method also extends the
scanning range of the focused beam.

Ultrasonic phase array focusing and scanning is realized
by controlling the time delay of the transmitting pulse on each
array element, while the proposed method obtains focusing
and scanning by controlling the transmitted excitation pulse
on transducer array elements. This method achieves focusing
for multiple waves and the focusing effect is better than that
of the phased array method although controlling the transmit-
ted excitation pulse is more difficult than controlling the time
delay. But in practice it is not difficult to control the transmit-
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ted excitation pulse using the D/A transmitting technique. By
using the FPGA and DSP chips and computer techniques, the

time for calculating and transmitting the excitation pulses of

the transducer array is very short. Multiple-wave focusing and

scanning can achieve fast processing and real time application.
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