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Abstoact

The characteristics of a PZT transducer with a cylindrical rear surface were investigated theoretically and 
experimentally. The transducer was assumed as a set of finite rectangular ceramic elements for applying the staircase 
model to the theoretical analysis and the KLM equivalent circuit model was modified for analyzing its electric 
impedance and pulse-echo response. All results were compared with those of a conventional plane transducer which has 
a constant thickness of average value for the cylindrical arc. It was noted that the transducer with a cylindrical rear 
surface has several subsidiary resonant frequencies which are able to widen bandwidth.
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I. Introduction

In recent decades, industrial nondestructive evaluation 

or medical diagnosis technique has been remarkably 

developed, especially for providing high quality acoustic 

images. For all ultrasonic imaging systems, the axial and 

lateral spatial resolutions related to the characteristics of 

an employed transducer are usually crucial to determine a 

system performance. The axial spatial resolution which is 

one of the most important parameters for acoustic 

B-mode imaging depends on the frequency bandwidth of 

pulses radiated from an ultrasonic transducer. The short 

pulse with broad frequency bandwidth is necessary for 

high axial res시ution.

The techniques using two or three acoustic matching 

layers and attenuative backing layers of high impedances 

have conventionally been employed to design broad
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bandwidth transducers [1-3]. Even though an acceptable 

bandwidth was achieved by the techniques, the fabric거ting 

process is still complicated and the backing layers cause 

poor sensitivity. As one of many techniques to accomplish 

a broader bandwidth with high sensitivity, the shape 

modification from a plane transducer was introduced by 

Volpkin et al. [4]. Barth et al. then proposed the staircase 

model to analyze the characteristics of a transducer with 

thickness variation [5]. Hanafy developed a PZT transducer 

with a cylindrical front surface and evaluated its 

performance by suggesting that the thickness variation in 

a transducer can widen bandwidth [6].

The objective of this study is to confirm the effects of 

thi이mess variation in a PZT transducer with a cylindrical 

rear surface on its performance. In an effort to do so the 

transducer with a cylindrical rear surface which is newly 

designed for this study was considered as a set of finite 

rectangular ceramic elements to apply the staircase model 

and the KLM equivalent circuit model [7] was modified 

appropriately. The electric impedances and pulse-echo 
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responses were obtained by theoretical analysis using 

those models and by an experiments. The results were 

compared with those of a conventional plane transducer 

with similar size.

From equation (1), the thickness of each section is 

calculated using the minimum thickness of the ceramic and 

the increment according to location and curvature.

III. Electroacoustic Characteristics Analysis
II. Structure and Modeling

Figure 1 shows the structure of the designed 

piezoelectric PZT ceramic. It has a plane radiating surface 

and a cylindrical rear surface. The rear surface of the 

ceramic was ground into the cylindrical curvature of 

R=67.7mm. The electrode was subsequently sputtered 

and evaporated along with chrome, copper and nickel in 

order to form approximately 2卩m in total thi이mess. As 

shown in the figure, the thickness of the ceramic varies 

according to its arc from the minimal 0.46mm at the 

center to the maximal 0.64mm at the edges, respectively.

Applying the staircase model given by Barth et al. [5] 

to the case of our transducer, the ceramic was assumed a 

set of finite rectangular elements which have different 

thickness as shown in Fig. 2. In that case, the thickness of 

an element at the 2—th section is given as following：

(1)

where

X"=侦-残；W = 1, 2,…，7V-1, N

R : curvature of a cylindrical surface.

L : half length of a cylindrical rear surface ceramic

Fig. 1. Dimension of the piezoelectric PZT ceramic with a cylirxirical 
rear surface.

3.1, Electric Impedances of the PZT Ceramics
The electric free impedance 务 of a piezoelectric 

transducer can be represented by clamped and motional 

impedances. In KLM model, the equivalent circuit 아f an 

end-electroded bar transducer, like an element in the 

staircase model shown in Fig. 2, involves a clamped 

capacitance and a serial electrical network of frequency

Fig. 2. A set of ceramic elements with different thickness for the 
staircase model.

Fig. 3. A modified KLM equivalent circuit model and its parameters. 
幻:thickness of 注th element,
v : longitudinal velocity of PZT ceramic, 
z& : acoustic impedance of PZT ceramic, 
為:acoustic impedance of backing, 
zL : acoustic impedance of medium, 
饥:electro-mechanical turing ratio of i-th element, 
ctj, : clamped capacitanc으 of ?-th element, 
q'： motional capacitance of ?-th element.
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dependent components connected to the centre of an 

acoustic transmission line. Using the staircase and KLM 

models, the effect of the cylindrical rear surface on 

electric input impedance and subsequent pulse 一 echo 

response can be calculated by assuming the ceramic as a 

parallel connection of the individual rectangular elements. 

Considering the parallel connection, the total electric input 

impedance of the ceramic, zIN, can be obtained by 

following equation：

丄=丄+丄+
Z【n 夺1 •冬

1

Zfn
(2)+

PZT ceramic zd is given by z&= using the specific 

acoustic impedance 乩=四(卩：density,力:sound speed) 

and the radiating area A. The clamped capacitance of the i 

-th element in all cases is given by the equation (3)

where the is the permittivity of PZT at constant 

strain.

The electro-mechanical turning ratio of the 罗一th 

element 由 and the motional capacitance C： are given by 

following equations (4) and (5).

To calculate the free impedance of 2-th element zFi and 

consequently z/N, the KLM model was modified with 

parallel connection as shown in Fig. 3. The individual 

element was represented as a branch in the modified KLM 

model. The element thickness 彳 varies according to 

number of division N and i. The acoustic impedance of

(4)

(5)

where 瞄 and % are the electro-mechanical couplin양

(b) phase
Fig. 4. Impedance of the ceramic with a cylindrical rear s니rface. Fig. 5. Impedance of the ceramic with constant thickness.
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Table 1. Physical properties for the PZT ceramic.

Impedance [Mrayi ] 35

Density [Kg/m3] 7800

Electromechanical coupling 
coefficient

0.55

relative dielectric permittivity 3800

Fig. 6. The probes made of the PZT ceramics.

coefficient and the resonant angular frequency of the Lth 

element, respectively.

In calculation, the resonant frequency % was properly 

estimated by considering the thickness 4 and the 

boundary condition for the acoustic impedance difference 

between an element and the backing and medium in 

advance. The frequency dependent input impedance for an 

element is obtained according to the variation of w. The 

computer program for calculating zIN is easily obtained 

from the well known conventional KLM model analysis 

program for a single element transducer.

Figure 4 shows the calculated and measured impedances 

of the PZT ceramic with a cylindrical rear surface. The 

impedance / gain—phase analyzer, H따4194A (Agilent 

Technologies, USA), was used to measure impedances. 

The physical properties of the ceramic used in calculation 

were given in Table 1. It is noted that the transducer with 

a cylindrical rear surface has many subsidiary resonant 

and anti-resonant frequencies in the calculation as well as 

in measurement. The calculated results of magnitude and 

phase are in good agreement with the measured ones when 

the number of segment N is greater than or equal to 16.

For comparison and verification, a plane transducer was

Frequency [MHz]
(b) phase

Fig. 7. Impedance of the probe made of the ceramic with a 
cylindrical rear surface.

(b) phase
Fig. 8. Impedance of the probe made of the ceramic with 

constant thickness.
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Transducer
200[mm]

7一 Stainless Steel Flat Target

Fig. 9. Block diagram for pulse echo measurement system.

made with a constant thi 시mess of approximately 

+ 4而)/2. Figure 5 shows the calculated and 

measured impedances. The results were similar as the 

typical pattern of a conventional plane transducer with 

ZAMHz center frequency. It was revealed that the 

transducer with a cylindrical rear surface has a peculiar 

impedance pattern which is quite different from the one of 

general plane transducers. The transducer operates with 

the most effective at about 4.5MHz, which is the resonant 

frequency for minimum thickness of the transducer. The 

reason is not clear, but we guess, it is because the poling 

voltage was adjusted to the minimum thickness and the 

thickness variation was very small near the thickness.

The resonant frequency, fsi, and anti-resonant 

frequency, f成,for i-th element under the boundary 

condition of free-free on both sides can be given by 

following equations [8]

fai= 이‘”牛 ⑹

_ 以/1-8盼/tF
九_ 24

From equations (6) and (7), it is easy to know that the 

resonant frequencies depend on the thickness of each 

element, and that the resonant frequency decreases if the 

E
l
i

o

(b) power spectrum
Fig. 10. Pulse-echo response of the probe made of the ceramic 

with a cylindrical rear s니rface.
Fig, 11. Pulse-echo response of the probe made of the ceramic 

with constant thickness.
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distance of a segment from the center of the transducer 

increases. It makes multi-resonant and multi-anti- 

resonant frequencies for combined whole segments.

3.2. Electric Impedances and Pulse-Echo 
Responses of the Probes

In order to investigate the acoustic wave radiating 

performance of transducers, those two PZT ceramics were 

manufactured into probes by placing them within 

electrically shielded plastic housings as shown in Fig. 6. 

Each probe has very simple structure with only one 

backing layer. The backing layer was made of Epoxy and 

#220 A12O3 powder to achieve the acoustic impedance of 

3 Mrayls.

3.2너. Electric Impedances
The electric input impedances of the probes are shown 

in Fig. 7 and 8. Even if the fluctuations in input impedance 

at resonant and anti-resonant frequencies were blunted 

by mass loading effect of the backing, it is possible to 

know that those frequencies are widely distributed over 

frequency range from 3MHz to 5MHz for the probe with a 

cylindrical rear surface. The distribution implies broad 

bandwidth characteristics for the probe. On the other hand, 

the probe with constant thickness shows the typical 

impedance pattern of a conventional plane transducer of 

which center frequency is about 3.4MHz.

3.2-2. Pulse-Echo Response
Figure 9 shows the measurement system for 

pulse-echo responses of the probes. The 5800PR 

pulser/receiver (Panametrics, USA) and LT262 digital 

oscilloscope (LeCroy, Switzerland) were used in this 

system. The data acquisited by the oscilloscope were 

transferred to a personal computer usin융 GPIB for FFT 

analysis. A stainless steel flat target was set to parallel 

with the radiating surface of the transducer at 200mm 

intervals to avoid annoying near-field effects. Because 

the transducers were directly contacted with water 

without any acoustic matching layers, high fractional 

bandwidth was not expected. It is shown that the 

waveform obtained by calculation and experiment show 

long ringin융s and that the theoretical and experimental 

results are in good agreement as shown in Fig. 10 and Fig.

Table 2. Pulse-echo response characteristics of the probes.

Parameters
Constant 
Thickness

Cylindrical Rear 
Surface

Center Frequency 
[MHz]

cal. 3.4 4.6

mea. 3.5 48

Fractional 
Bandwidth 

[%]

-6dB
cal. 19.9 21.3

mea. 154 一 13.8

-20dB
cal. 19.3 85.4

mea. 154 76.0

11. The difference between calculation and measurement 

for the probe with a cylindrical rear surface was 

considered as machining error of the cylindrical surface 

and electrical mismatch between the transducer and the 

pulser/receiver, which could not be considered in 

measurement..

From Table 2, it is noted that the center frequency of 

the cylindrical rear surface probe is higher than the 

constant thickness probe. Even though the fractional 

bandwidths for 一6dB were similar in both probes, those 

for -20dB were quite different. The bandwidth of the 

probe with a cylindrical rear surface was broader than the 

constant thickness probe by more than 4 times.

IV. Conclusion

The electroacoustic characteristics for the PZT ceramic 

transducer with a cylindrical rear surface were 

investigated theoretically and experimentally to confirm 

and understand the effect of thickness variation on its 

performance. The staircase model was applied and the 

KLM equivalent circuit model was properly modified for 

analyzing the electric input impedance of the transducer. 

The results were compared with those of a conventional 

plane transducer with similar size. From the impedance 

results, it was noted that the transducer with a cylindrical 

rear surface has several distributed subsidiary resonant 

and anti-resonant frequencies. Comparison of pulse-echo 

response of the two probes revealed that the cylindrical 

rear surface is able to widen frequency bandwidth.
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