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Abstract— Ultrasonic guided wave focusing by a generalized phased array is studied based on dispersion 
curves in a multi-layered medium. The different phase of the guided waves with different frequency is added 
on the excitation signal on each element of the transducer array for focusing. This can be realized by designing 
a proper excitation pulse based on the dispersion curves of the guided waves for each of the transducer array 
elements. The numerical simulation results show that the guided waves with different modes, different fre
quency components, and from different elements of the transducer array can all be focused at the target and 
focusing is achieved.

K eyw o rd s: guided wave, focusing in layered medium, phased array 
DOI: 10.1134/S1063771012060176

1. IN TRODU CTIO N
Ultrasonic guided waves exist in layered media and 

propagate along the media interface. An important 
property of guided waves is dispersive and guided 
waves have multiple modes [1—4]. Guided waves with 
different frequency component propagate with differ
ent velocity, and thus the travel time o f the different 
frequency component of guided waves from a source 
to a receiver is different.

Different mode of guided waves has different dis
persion property. At one single frequency, guided 
waves have multiple modes propagating with different 
velocities. If  a source signal contains a broad fre
quency band, all modes of guided waves at all frequen
cies will arrive at a receiver asynchronously, which 
results in defocusing.

How to make the dispersive guided waves being 
focused? Previous work mainly uses acoustic time 
reversal to achieve focusing for guided waves [5, 6]. It 
is difficult to artificially control beam  focusing by 
using the acoustic time reversal method. However, an 
ultrasonic phased array can scan a testing area easily. 
There are many research activities on the ultrasonic 
phased array and this m ethod has been applied in 
many industrial areas successfully [7—9]. The current 
ultrasonic phased array technique is only based on 
body waves in homogenous medium. However, to 
date, it does not appear research on guided waves using 
ultrasonic phased array method. In this paper, a novel 
focusing m ethod for highly dispersive guide waves is

1 The article is published in the original.

proposed. The basic principle of this m ethod is to 
design an excited source signal based on the dispersion 
property of guide waves for each array element so that 
the guided waves generated by the designed source sig
nals from all transducer array elements will arrived at a 
target simultaneously. The key of this m ethod is to 
control the phase for each frequency component of 
the transmitted signal, that is, to transmit the slower 
components of the guided waves earlier than the faster 
components so that the guided waves with all fre
quency components will arrive at the target at the same 
time to achieve focusing. This focusing m ethod can be 
considered as a generalized phased array focusing 
method.

2. FO CUSIN G M ETHOD

Guided waves exist in stratified media and the most 
common layered media is horizontal layered. Let us 
consider a planar layered half-space solid media with a 
free surface. A transducer array with N  elements is 
placed on the free surface and each element generates 
acoustic signal by electric excitation. In this paper, 
only guided waves are considered, i.e., it is assumed 
that the acoustic waves excited by the transducer are 
only guided waves. Based on wave propagation theory 
in multilayered media, the propagation velocity o f the 
guided waves at each frequency can be obtained by 
solving dispersion equation. The algorithm for finding 
dispersion curves and displacement components of the 
guided waves can be found in references [1—4] and 
shall not be discussed here. For convenience, the free
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Fig. 1. Configuration of the layered half-space and the 
transducer array.

surface is taken as a horizontal plane, and it is also 
assumed that each transducer element has no size 
dimension and is excited by a vertical directional 
force. Consider an arbitrary point P  in the media, the 
horizontal distance from P  to the j th  element of the 
transducer is г- (j =  1, 2, ..., N). Figure 1 displays the 
configuration o f the layered half-space and the trans
ducer array. If  the distance rj is far greater than the 
longest wavelength of the guided waves, the displace
m ent of the guided waves for mode m in the frequency 
domain at point P  excited by the jth  element can be 
written as

Ujm( rp® ) = A -m ^ ^ , (1)
where km =  ro/vm, ю is angular frequency, vm is the 
phase velocity of mode m , and Ajm is the amplitude 
which is related to the parameters in each layer and the 
vertical distance between the transducer array and 
point P. The time response of the displacement at P 
then is expressed as

да

Ujm( j  t) = J Ajm ^ (r-Vm 0Д Ю)йю, (2)
—да

where Д ю ) is the source spectrum. Equation (2) 
shows that the guided waves with different frequency 
component have different propagation velocities and 
therefore have different phases. Now let us design a 
new excitation pulse and the frequency spectrum of 
the new pulse is expressed as

17' Г \ rA o- rj/vm) T7r чF jm ^) = e 1 j Д ю ) , (3)
where vo is an introduced reference velocity, and it is 
arbitrary and can be the average velocity of the guided 
waves or the maximum or m inim um  velocity of the 
guided waves. The time response of the guided waves 
with the new excitation pulse is written as

да

Ujm(rj, t) = J A jm ^ rjVmFlm(ю)в ^ю

-да (4)да
г iaMrj/vo— t)-ct

= J j e  j F ^ ^ .
—да

With the new excitation pulse Fjm (ю), the guided 
waves with all frequency components will arrive at 
point P  simultaneously and focusing is achieved. The 
guided waves generated by the excitation pulse 
with the traditional frequency spectrum is not focused 
at point P , while the guided waves can be focused at 
point P  when the source signal on each transducer ele
m ent is excited by the new pulse spectrum Fjm (ю). The 
key for implementing this m ethod is to introduce and 
design a new excitation pulse called focused pulse with 
the spectrum Fj'm (ю) which is related to both element 
location rj and mode num ber m .

If there are M  guided wave modes within a given 
frequency range, the displacement of the guided waves 
at point P  excited by the j th  transducer element can be 
expressed as

M
u ( j t) = ГУ A im(rj/ vm — t)

m = 1
e Fj (ю) йю.

Then the spectrum of the focused pulse will be

Z7V \ iarj/v0 ч X"' —lmrj1 Vm V  17' / \Fj (ю) = e F(ю) У  e = У  Fjm(ю) .
M Г./ vm M

m = 1
and Eq. (5) now becomes

m = 1

да (  m M M

j ( j  t) = J  У  Ajm + У  Ajm У

\
i№( rj/vm — rj/vn)

—да V m = 1 m = 1 n = 1
n Ф m

да
(5)

(6)

(7)

;ш( rj/ vo—1)
x e j F (ю )dю.

Equation (7) indicates that different modes and differ
ent frequency components of the guide waves arrive at 
point P  simultaneously and focusing is achieved. The 
first term  in the right hand side of Eq. (7) is the main 
lobe of the received guided waves and the second term  
is the interference among different modes, which dis
tributes on the both sides of the m ain lobe.

The displacement components in the equations 
above can be in arbitrary direction. For convenience, 
we study and analyze the vertical displacement com 
ponent in the following numerical simulation and 
analyses.

For N-elem ent transducer array, the focused pulse 
of each transducer element is different for a given focal 
point (see Eq. (6)). If all elements are excited by their 
focused pulses, the guided waves from each element 
will arrive at the focal point simultaneously because 
the effect of distance between adjacent elements is 
eliminated by the focused pulses (Eqs. (6) and (7)).

Unlike the conventional phased array method, the 
generalized phased array m ethod is to control the exci
tation pulse in time domain on each transducer ele
ment. The principle of the new m ethod is that the 
designed focused pulse makes the slower components 
of the guided waves transmitted earlier than the faster
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components so that all modes with their frequency 
components arrive at the focal point simultaneously 
and focusing is achieved. When the excitation pulse for 
each element is changed gradually as the target moving 
point-to-point in the detection area, the whole detec
tion area is scanned by the ultrasonic phased array with 
the guided waves.

3. NUM ERICAL SIM ULATION AND ANALYSIS

The new idea is validated by numerical simulations. 
Only the vertical component of the displacement of 
the guided waves is used for focusing study and analy
sis. Set a target P  on the free surface. For a stratified 
half-space, it is known that the amplitude of the first 
mode of the guided waves is m uch larger than that of 
other modes when the shear wave velocity increases 
monotonically as the layer ordinal increases down
wards [3, 4]. In this case, the first mode is dominant 
and the influence of other modes can be neglected. It 
is also known that the higher-order modes are domi
nant in the high frequency range in the stratified half
space with low-velocity inserted layers [3, 4]. In this 
situation both the first mode and higher-order modes 
should be included. Consider a four-layered model 
with a low-velocity interlayer and the model param e
ters are listed in table. Figure 2 displays the phase 
velocity and displacement as a function of frequencies 
of the guided wave modes. It shows that there are 
11 dispersion modes excited in the frequency range of 
0 to 300 kHz (Fig. 2a). Figure 2b shows the displace
ment for each mode excited by the j th  transducer ele
ment. The first mode dominant in the low frequency

Model parameters of a four-layered media

Note Shear-wave 
velocity, m/s

Compres- 
sional-wave 
velocity, m/s

Density,
kg/m3

Thick
ness, m

1 3040 6420 2700 0.03
2 1100 2680 1800 0.01
3 2500 4000 2500 0.01
4 3251 5940 7800 да

range and the next six modes (m =  2, 7) have the
relatively large amplitude (roughly one third of the 
amplitude of the first mode) when frequency 
increases, while the rest of the modes are barely visible.

To calculate the focused pulse and waveform, the 
reference velocity v0 is chosen as the phase velocity of 
the first mode at the high frequency limit, which is 
equal to 1124 m/s. Figure 3a shows the traditional 
cosine envelope excitation pulse of the spectrum F(m) 
in the frequency range of 0 to 300 kHz. The transducer 
element is excited by a vertical point force. Figure 3b
displays the focused pulse of the spectrum Fjm (m) 
when only the first mode is used for focusing. The dis
tance r  from the jth  transducer element to target P  is 
1m. It is apparent that the traditional cosine envelope 
of the spectrum F(m) is relatively narrow, while the
focused pulse of the spectrum Fjm (rn) is greatly elon
gated and its waveform is irregular. Figures 3c 
and 3d illustrate the received signal at target P  when 
the j th element is excited by the cosine envelop with

(a) x 10- n  (b)

Fig. 2. The phase velocity (a) and vertical component of the displacement (b) of the guided waves excited by a vertical force on 
the free surface.
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Fig. 3. The excitation signals of the jth element and received waveforms at the target when only the first mode is considered in the 
frequency range of 0—300 kHz. (a) The cosine envelope excitation pulse, (b) the focused pulse, (c, d) the waveforms at the target 
when the jth element is excited by the cosine envelope and the focused pulse, respectively.

spectrum F(ro) and the focused pulse of the spectrum 
Fjm (ro), respectively. Figure 3c shows a strong disper
sive effect and the waveform is gradually elongated in 
propagation course because the guided wave velocity is 
different at different frequency. However, the wave
form in Fig. 3(d) is condensed in a narrow range that
is because the focused pulse of the spectrum Fjm (ro) 
makes all the frequency components of the guided 
waves arrived at the target simultaneously. The maxi
mum amplitude in Fig. 3d is about 1.3 times of that in 
Fig. 3c. It is shown that the guided waves with different 
propagation velocities can be focused satisfactorily by 
using the focused pulse on the transducer elements.

In the second example, the focusing of the guided 
waves with more than one mode is studied, while other 
conditions keep unchanged. All eleven guided wave 
modes shown in Fig. 2 are considered to achieve 
focusing using Eqs. (5)—(7). In this case the focused 
pulse spectrum is calculated by Eq. (6) and the focused 
pulse is displayed in Fig. 4a, which is little similar to 
that in Fig. 3b but more complicated. Figures 4b and 
4c plot the waveforms at target P  when transducer ele
ment j  is excited by the cosine envelope and the 
focused pulse, respectively. The waveforms are more 
complicated since they contain eleven highly disper
sive modes in the considered frequency range. The 
waveform in Fig. 4c is relatively narrower and the 
amplitude of the waveform is greater than that in

Fig. 4(b). The maximum amplitude in Fig. 4c is about 
3 times of that shown in Fig. 4b. With the focused pulse 
excitation, all modes with different frequency com po
nents arrive at target P  simultaneously and are focused 
at the target. It can be seen from Fig. 4c that the wave
form is little more pell-mell that results from the inter
ference among the different modes. This property can 
also be seen from Eq. (7) where the second term is the 
interference among the modes. Figure 4c also shows 
that the interference does not affect the maximum 
amplitude and distributes on both sides of the maxi
mum amplitude because the propagation velocity of 
the interference is different from that of the maximum 
amplitude.

Finally, a linear ultrasonic transducer array with 
l6 elements is studied to achieve guided wave focusing. 
The focused pulse spectrum given by Eq. (6) for each 
element is different as the distance from each element 
to target P  is different. Assume that the distance 
between the centers of two adjacent elements is 0.01m. 
Figure 5 shows the waveforms at target P  which is on 
the extension line of the transducer array and the dis
tance from target P  to the nearest element of the array 
is 1m . The frequency range is from 0 to 300 kHz and 
there exists eleven guided wave modes. In Fig. 5a, the 
excitation pulse for each element is still cosine enve
lope. To eliminate the effect of distance among the 
elements of the transducer array, different element is 
excited with a different time delay. The time delay
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Fig. 4. The excitation signal of the jth element and the received waveforms at the target when all of 11 modes of the guided waves 
are considered: (a) the focused pulse, (b, c) the waveforms at the target when the jth element is excited by the cosine envelope 
pulse and the focused pulse, respectively.
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Fig. 5. The received waveforms at target P, when the transducer elements excited by the cosine envelope (a) and the focused pulse 
(b), respectively.

0

between the excitation pulses of two adjacent elements 
is determined by the distance between two elements 
divided by the reference velocity v0. It shows that the 
amplitude of the waveform does not increase signifi
cantly by using the 16-element array and the maxi
mum amplitude is almost the same as that excited by 
using only one element. This is because the frequency 
components of the guided wave with velocity v0 will 
arrive at target P simultaneously, while the frequency 
components of the guided wave with other velocities

will arrive at target P  asynchronously. Figure 5b is the 
received waveform at target P when all the elements of 
the transducer array are excited by their focused 
pulses. It is found that the amplitude of the waveform 
increases significantly compared to that in Fig. 5a. The 
guided waves from different transducer elements and 
with different modes and different frequency compo
nents are all focused at target P. It can be concluded 
that the amplitude of the waveform increases as the
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num ber of the transducer elements increases when the 
proposed focusing m ethod is adopted.

4. CONCLUSION AND DISCUSSION

In  this paper, a novel focusing m ethod for highly 
dispersive guided waves is proposed. The m ethod u ti
lizes the generalized ultrasonic phased array to give 
different phase for different frequency component of 
the guided waves. The slower guided wave is transmit
ted earlier, while the faster guided wave is transmitted 
later so that all modes and all frequency components 
of the guided waves arrive at the focal point simulta
neously and focusing is realized. The realization of this 
m ethod is to design a new excitation pulse (focused 
pulse) in time domain for each array element to 
achieve focusing for broadband guided waves. As the 
conventionally ultrasonic phased array m ethod, the 
generalized phased array m ethod can achieve ultra
sonic guided wave focusing and scan the whole detec
tion area. However, the difference from the conven
tional m ethod is that the generalized m ethod controls 
the excitation pulse, while the conventional method 
controls time delay. The focused pulse is determined 
by the dispersion curves of the guided wave and the 
distances between the array elements and the focal 
point. Therefore, it is easy to conclude that the focus
ing and scanning of the ultrasonic phased array with 
the guided waves could be realized if the excitation 
pulse for each element is changed gradually as the 
focal point scans the detection area. In reality it is not 
difficult to add the focused pulse to each array element 
and excite acoustic signal using current D/A  transmit
ting technique. Time reversal m ethod is to reverse the

received complex waveform, add to transducer ele
ments and transmit again, which has been widely 
proofed by experiments. Similarly, it is feasible to use 
the D/A technique to generate the focused pulse on 
each transducer element for the generalized phased 
array.
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