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Abstract: For achieving the power maximum transmission, the electrical impedance matching
(EIM) for piezoelectric ultrasonic transducers is highly required. In this paper, the effect of EIM
networks on the electromechanical characteristics of sandwiched piezoelectric ultrasonic transducers
is investigated in time and frequency domains, based on the PSpice model of single sandwiched
piezoelectric ultrasonic transducer. The above-mentioned EIM networks include, series capacitance
and parallel inductance (I type) and series inductance and parallel capacitance (II type). It is shown
that when I and II type EIM networks are used, the resonance and anti-resonance frequencies
and the received signal tailing are decreased; II type makes the electro-acoustic power ratio and
the signal tailing smaller whereas it makes the electro-acoustic gain ratio larger at resonance frequency.
In addition, I type makes the effective electromechanical coupling coefficient increase and II type
makes it decrease; II type make the power spectral density at resonance frequency more dramatically
increased. Specially, the electro-acoustic power ratio has maximum value near anti-resonance
frequency, while the electro-acoustic gain ratio has maximum value near resonance frequency. It can
be found that the theoretically analyzed results have good consistency with the measured ones.

Keywords: sandwiched piezoelectric ultrasonic transducers; electrical impedance matching; effective
electro-mechanical coupling coefficient; electro-acoustic power ratio; electro-acoustic gain ratio

1. Introduction

Sandwiched piezoelectric ultrasonic transducers are widely applied in areas such as non-destructive
testing (NDT) [1], structural health monitoring (SHM) [2,3], energy harvesting [4,5], piezoelectric
motors, ultrasonic cleaning, and welding, etc. [6–8]. In general, the input electrical impedance of
the sandwiched piezoelectric ultrasonic transducers is usually relatively larger. Hence, there is an
electrical impedance mismatch between piezoelectric transducers and some interface devices mainly
including signal generators, data acquisition devices, which usually have an internal impedance of
50Ω. In addition, on the basis of the Butterworth-Van-Dyke (BVD) model [9], it can be seen that
piezoelectric transducers are primarily capacitive when they are operated at resonant frequencies.
However, when the input electrical impedance shows capacitive or inductive, the electrical power
is obviously less than that for the resistive electrical impedance. Simultaneously, this can also lead
to much reactive power. As is well known, the reactive power is quietly harmful to piezoelectric
transducers and electrical power sources. Given the above-mentioned considerations, an electrical
impedance matching (EIM) network is urgently demanded.

Regarding the investigation of EIM for piezoelectric transducers, the published articles mainly
focused on researching the electrical effect, such as bandwidth, the received amplitude, and the power
of the acquired signal [9–12]. In addition, the design of EIM networks for high-frequency transducers
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has attracted much attention, for example, Lockwood G.R. et al. designed two-element transmission
line matching circuits based on network theory [13], Moon J.Y. et al. proposed electrical matching
networks based on filter structures [14], and Kim M.G. et al. presented an approach for the design
of impedance matching network based on impedance analysis [15]. However, the effect of EIM
networks on the electromechanical characteristics for piezoelectric ultrasonic transducers has received
little attention.

For investigating the effect of EIM networks on the electromechanical characteristics, a simulated
model of the piezoelectric ultrasonic transducer with EIM is highly needed. It is well known that
the BVD model is determined from an impedance analysis of piezoelectric transducers, but it cannot be
used to directly investigate the electromechanical characteristics of piezoelectric transducers. Based on
the Mason’s equivalent circuit model [16] of piezoelectric transducers, the effect of simple EIM
networks, such as a shunt inductance, an inductance in series, on the electromechanical characteristics
of sandwiched piezoelectric transducers was investigated [17,18], but it is difficult for parameter
acquisition and combination with some other module circuits using this method. On the basis
of the Leach’s equivalent circuit model [19], Wei X.Y. et al. proposed the PSpice model of single
sandwiched piezoelectric ultrasonic transducer in longitudinal vibration [20]; the PSpice model can
make us conveniently obtain required parameters and investigate electromechanical characteristics
of sandwiched piezoelectric ultrasonic transducers. Piezoelectric transducers are resonant devices,
whose resonance frequencies are decided by a lot of factors, such as load variation, ambient temperature
variation, and some reactive components„ etc. In order to obtain the optimal operating state,
the tracking of the operating frequencies are highly required when the resonance frequencies of
piezoelectric ultrasonic transducers are changed [21–23].

Given the above-mentioned considerations, based on the established piezoelectric transducer
PSpice model [20], the effect of EIM networks on the electromechanical characteristics of sandwiched
piezoelectric ultrasonic transducers is investigated in time and frequency domains. Here, the used EIM
networks mainly include, series capacitance and parallel inductance (I type) and series inductance
and parallel capacitance (II type). In order to further research the effect of EIM networks on
the electromechanical characteristics, the pitch-catch setup is built. The dependency of the resonance
and anti-resonance frequencies, the electro-acoustic power ratio, the electro-acoustic gain ratio and
the effective electromechanical coupling coefficient on EIM networks is derived. It can be found that
the theoretically analyzed results are in good agreement with the experimental results.

2. Materials and Methods

In this section, the EIM theory for piezoelectric ultrasonic transducers, the used model of single
sandwiched piezoelectric ultrasonic transducer, and the parameters calculation of EIM networks,
the definition of performance parameters for the single sandwiched piezoelectric ultrasonic transducer,
and the pitch-catch setup are illustrated in detail as follows.

2.1. The EIM Theory of Piezoelectric Ultrasonic Transducers

An ultrasonic wave transmitter usually can be simplified, as shown in Figure 1. The EIM network lies
in between an excitation source and a piezoelectric ultrasonic transducer. According to the impedance
matching theory, the maximum power transmission of ultrasonic transducers can be obtained,
when the input and output impedances of an EIM network (Zin and Zout) are just equal to the complex
conjugates of the electrical impedance of an excitation source (Zs) and of a piezoelectric ultrasonic
transducer (Zt) at resonance frequency, respectively. It is known that the electrical impedance is
composed of resistive and reactive components. They can be expressed as

Zs(ω) = Rs(ω) + jXs(ω)

Zt(ω) = Rt(ω) + jXt(ω)
(1)
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Here, j represents the imaginary unit and ω is operating angular frequency.
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of the resistance for single sandwiched piezoelectric ultrasonic transducer. The piezoelectric ceramic 
stack is composed of four identical piezoelectric rings, which are thickness polarized in opposite 
directions. The arrow represents the polarized direction of piezoelectric ceramic rings as shown in 
Figure 2. It should be noted that the piezoelectric ceramic rings located in the piezoelectric ceramic 
stack are connected together mechanically in series, however they pertain to the parallel relationship 
in electrical terminals [24]. Specially, to simplify the analysis about the vibration state of the 
sandwiched piezoelectric ultrasonic transducers from Figure 2, some assumptions must be made as 
follows: (1) the diameter of the sandwiched piezoelectric ultrasonic transducer must be much less 
than its longitudinal length; (2) according to the network cascade theory, the piezoelectric ceramic 

Figure 1. A simplified configuration of an ultrasonic transmitter.

However, as for an optimal electrical impedance matching network, the input and output electrical
impedance of the EIM network can be indicated as

Zin(ω) = Z∗s (ω) = Rs(ω)− jXs(ω)

Zout(ω) = Z∗t (ω) = Rt(ω)− jXt(ω)
(2)

Here, Z∗s and Z∗t are the complex conjugates of Zs and Zt, respectively.

2.2. The PSpice Model of Single Sandwiched Piezoelectric Ultrasonic Transducer

The sandwiched piezoelectric ultrasonic transducer with EIM networks is shown in Figure 2.
It consists of the thickness polarized piezoelectric ceramic stack, the front and back metal masses,
which are clamped together by means of a central prestressed bolt.
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Figure 2. The sandwiched piezoelectric ultrasonic transducer with EIM networks.

The EIM networks can effectively implement the compensation of the reactance and the tuning
of the resistance for single sandwiched piezoelectric ultrasonic transducer. The piezoelectric ceramic
stack is composed of four identical piezoelectric rings, which are thickness polarized in opposite
directions. The arrow represents the polarized direction of piezoelectric ceramic rings as shown in
Figure 2. It should be noted that the piezoelectric ceramic rings located in the piezoelectric ceramic
stack are connected together mechanically in series, however they pertain to the parallel relationship in
electrical terminals [24]. Specially, to simplify the analysis about the vibration state of the sandwiched
piezoelectric ultrasonic transducers from Figure 2, some assumptions must be made as follows:
(1) the diameter of the sandwiched piezoelectric ultrasonic transducer must be much less than its
longitudinal length; (2) according to the network cascade theory, the piezoelectric ceramic stack can
be regarded as a piezoelectric ceramic round stick poled along the axial direction when the thickness
of the single piezoelectric ceramic ring is much less than its diameter; and, (3) the displacement
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and force are continuous on both sides of the connection surface for each component in sandwiched
piezoelectric ultrasonic transducers. It should be pointed out that the mechanical boundary conditions
of the sandwiched piezoelectric ultrasonic transducers are axially free and radially fixed. But, the radial
boundary condition is not fixed in practical application. Then, the PSpice model of single sandwiched
piezoelectric ultrasonic transducer with EIM networks based Leach’s equivalent circuit model and
transmission line [20] is built, as shown in Figure 3. The resistances Rair1 and Rair2 are the air load
and have the value Rair1 = Rair2 = 0.0263Ω [25]. Also, the resistances R2 and R3 are used to model
the bonded layer and have the value R2 = R3 = 1.2MΩ. Then, the resistance R1 = 50Ω is the internal
resistance of excitation source V1.
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Figure 3. The PSpice model of single sandwiched piezoelectric ultrasonic transducer with EIM networks.

On the basis of the PSpice model as shown in Figure 3, the PSpice model of the pitch-catch
setup with EIM networks is established as shown in Figure 4. From Figure 4, the pitch-catch
setup is composed of excitation source, two sandwiched piezoelectric ultrasonic transducers, and
the transmission medium, oscilloscope channel, EIM networks. Besides, it should be pointed that
the transmission medium is modeled by the lossless transmission line.
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Figure 4. The pitch-catch setup with EIM networks.

The resistance R11 = 10MΩ and the capacitance C1 = 3.9pF are used to represent the oscilloscope
channel. Similarly, the resistance R4 = 50Ω is the internal resistance of excitation source V2.
Then, the resistances R9 and R10 indicate the air load and have the value R9 = R10 = 0.0263Ω.
It should be noted that the materials of the front and back metal masses, the piezoelectric ceramic
stack are hard aluminum, steel, and PZT-4, respectively. They are illustrated in detail [20].
Then, the simulated electrical impedance at resonance frequency and the anti-resonance frequency of
the piezoelectric ultrasonic transducer and the pitch-catch setup are listed in Table 1.
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Table 1. The electrical impedance at resonance and anti-resonance frequencies of the single sandwiched
piezoelectric ultrasonic transducer and the pitch-catch setup.

Parameters fs(kHz) fp(kHz) Z(Ω)

Single transducer 23.309 24.885 351.362-j186.203
Pitch-catch setup 24.363 25.050 388.592-j407.495

Here, fs, fp are resonance and anti-resonance frequencies, Z is input electrical impedance at
resonance frequency. Specially, the simulated electrical impedance at resonance frequency from Table 1
will be used for the parameters calculating of EIM networks in Section 2.4.

2.3. The Parameters Definition for the Single Sandwiched Piezoelectric Ultrasonic Transducer and
the Pitch-Catch Setup

In this section, the parameters, such as input electrical impedance, reactance and resistance,
electro-acoustic power and gain ratio, and vibration velocity ratio, effective electromechanical coupling
coefficient are defined.

The input electrical impedance can be expressed as

Zi =
V(R1)
I(R1)

and Zis =
V(R4)
I(R4)

(3)

Here, Zi and Zis represent the input electrical impedance of the single sandwiched piezoelectric
ultrasonic transducer and the input electrical impedance of the pitch-catch setup, respectively. Then,
V(R1) and V(R4) indicate the voltage across resistances R1 and R4, respectively. In addition, I(R1)
and I(R4) are the current of through resistances R1 and R4.

From Equation (3), the reactance and resistance can be obtained as

Ri = Re[Zi] and Xi = Im[Zi] (4)

Ris = Re[Zis] and Xis = Im[Zis] (5)

Here, Ri and Xi are the resistance and reactance of single sandwiched piezoelectric ultrasonic
transducer, respectively. Then, Ris and Xis are the resistance and reactance for the pitch-catch
setup, respectively.

From Figure 3, the electro-acoustic power and gain ratio for single sandwiched piezoelectric
ultrasonic transducer can be derived as

ηP1 =
P1 + P2

Pi1
and ηG1 =

V2

V1
(6)

where ηP1, ηG1 are the electro-acoustic power and gain ratio, respectively. Then, P1, P2 represent
the consumed powers of resistances Rair1 and Rair2 separately while Pi1 is the input electrical power.
V1, V2 are the excitation voltage and the radiated acoustical pressure from the front metal mass,
respectively.

Then, the vibration velocity ratio between the front mass and the back mass is expressed as

ηv =
VP−P(Rair2)

VP−P(Rair1)
(7)

Here, VP−P(Rair2), VP−P(Rair1) represent the vibration velocities of the front mass and the back
mass, respectively.
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Similarly, from Figure 4, the electro-acoustic power and gain ratio for the pitch-catch setup can be
obtained as

ηP2 =
P3 + P4 + P5

Pi2
and ηG2 =

V4

V3
(8)

Here,ηP2, ηG2 are the electro-acoustic power and gain ratio, respectively. Then, P3, P4 indicate
the radiated powers from the front and back metal masses, respectively. P5 is the received power,
while Pi2 is the input electrical power. In addition, V3 and V4 are the excitation voltage and
the received voltage.

In addition, the effective electromechanical coupling coefficient ke f f c can be indicated as [19]:

ke f f c = (1− ( fs/ fp)
2)

1/2
(9)

Here, fs, fp are resonance and anti-resonance frequencies, respectively. It should be noted that
the effective electromechanical coupling coefficient ke f f c depends on many factors, such as the materials,
dimensions and structures, the electrical and mechanical loads.

2.4. The Parameters Calculation of EIM Networks

In this section, the parameters calculation of EIM networks for the single sandwiched piezoelectric
ultrasonic transducer is illustrated. The specific calculation process mainly has two steps: (1) By using
impedance analyzer (PV520A, BEIJING BAND ERA Co., LTD., Beijing, China), the input electrical
impedance at resonance frequency is derived; (2) The parameters of EIM networks are conveniently
obtained using the Smith chart tool (Smith V3.10 is designed by Prof. Fritz Dellsperger and Michel
Band, Bern University of Applied Sciences, Bern, Switzerland.). The EIM networks that are used in
this paper, which mainly include I type (series capacitance and parallel inductance) and II type (series
inductance and parallel capacitance), as shown in Figure 5.
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In the case of matching single sandwiched piezoelectric ultrasonic transducer, the load impedance
is the input electrical impedance, which is likely to be seen at the far right end of the Smith chart as
shown in Figure 6. In general, the source impedance is usually 50Ω, which is located at the center of
the Smith chart. The EIM matching network is used, therefore, to move the load impedance to the 50Ω
impedance point by means of adding capacitances or inductances in series or in parallel. An inductance
in parallel moves the impedance point along the constant conductance curves, while a capacitance
in series moves the impedance point along the constant resistance curves. Similarly, a capacitance in
parallel moves the impedance point along the constant conductance curves, however, an inductance in
series moves the impedance point along the constant resistance curves.
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3. Results

In this section, the effect of EIM networks on the electromechanical characteristics of sandwiched
piezoelectric ultrasonic transducers is investigated in depth in time and frequency domains on the basis
of the PSpice models of single sandwiched piezoelectric ultrasonic transducer and the pitch-catch
setup, respectively. The detailed analysis process is described as follows.

3.1. The AC Analysis for Single Sandwiched Piezoelectric Ultrasonic Transducer

Nowadays, electromechanical impedance technique has been widely used to analyze
the electromechanical characteristics of piezoelectric devices and systems [26,27]. Here, this technique
is used in analyzing the effect of EIM networks on sandwiched piezoelectric ultrasonic transducers.
Based on the above-mentioned PSpice model, as shown in Figure 3, the input electrical impedance
is obtained as Zi = 351.362 − j186.203 at resonance frequency fs = 23.309 kHz by AC analysis.
In addition, the calculated parameters of EIM networks are listed in Table 2.

Table 2. The parameters of EIM networks for single sandwiched piezoelectric ultrasonic transducer.

EIM Networks Type L(mH) C(nF)

I type 1.0 47
II type 1.0 33

Then, the input electrical impedance and phase, the electro-acoustic power and gain ratio are
derived by using AC analysis. For verifying the accuracy of the analysis results, the experimental
platform is built which is composed of an impedance analyzer (PV520A made by BEIJING BAND ERA
CO., LTD., Beijing, China), single sandwiched piezoelectric ultrasonic transducer with EIM circuits,
as shown in Figure 7.

Figure 8a–c describes the simulated results for the relationship between the input electrical
impedance, resistance, reactance and the operational frequency. It should be noted that the frequencies
corresponding to the minimum and maximum impedance values are resonance and anti-resonance
frequencies, respectively. From Figure 8a–c, it can be found that when I and II type EIM networks are
connected with the sandwiched piezoelectric ultrasonic transducer, the resonance and anti-resonance
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frequencies are decreased. Simultaneously, the electrical impedance reaches 50Ω and the reactance
closest to zero at resonance frequency. When comparing I type with II type EIM networks, the former
makes the resonance and anti-resonance frequencies more substantial decrease. Figure 8d–f illustrates
the measured results for the relationship between the input electrical impedance, resistance, reactance,
and the operational frequency. It is shown that when I and II type EIM networks are used,
the measured impedance, resistance, and reactance are greatly decreased in the whole frequency
range of 20 kHz–40 kHz, which has good consistency with the simulated analysis results.

Sensors 2017, 17, 2832  8 of 17 

 

electrical impedance, resistance, reactance, and the operational frequency. It is shown that when I 
and II type EIM networks are used, the measured impedance, resistance, and reactance are greatly 
decreased in the whole frequency range of 20 kH z 40 kH z , which has good consistency with the 
simulated analysis results.  

  
(a) (b)

Figure 7. The impedance test of the single sandwiched piezoelectric ultrasonic transducer with EIM 
network, (a) the test platform diagram, (b) the test platform picture. 

 
(a) (d)

 
(b) (e)

Figure 7. The impedance test of the single sandwiched piezoelectric ultrasonic transducer with EIM
network, (a) the test platform diagram, (b) the test platform picture.

Sensors 2017, 17, 2832  8 of 17 

 

electrical impedance, resistance, reactance, and the operational frequency. It is shown that when I 
and II type EIM networks are used, the measured impedance, resistance, and reactance are greatly 
decreased in the whole frequency range of 20 kH z 40 kH z , which has good consistency with the 
simulated analysis results.  

  
(a) (b)

Figure 7. The impedance test of the single sandwiched piezoelectric ultrasonic transducer with EIM 
network, (a) the test platform diagram, (b) the test platform picture. 

 
(a) (d)

 
(b) (e)

Figure 8. Cont.



Sensors 2017, 17, 2832 9 of 17

Sensors 2017, 17, 2832  9 of 17 

 

 
(c) (f)

Figure 8. The impedance analysis results, (a–c) the simulated results and (d–f) the measured results. 

According to Figure 8a,d, the resonance and anti-resonance frequencies and effective 
electromechanical coupling coefficient are listed in Table 3. In Table 3, sf , pf , effck  and msf , mpf , 

meffck  are the simulated and measured resonance, anti-resonance frequencies, and the effective 

electromechanical coupling coefficient, respectively. 

Table 3. Measured and simulated resonance, anti-resonance frequencies and the effective electromechanical 
coupling coefficient. 

EIM Type (kHz)sf  (kHz)pf  (kHz)msf  (kHz)mpf  effck  meffck  
non-matching 23.3 24.9 22.5 25.0 0.35 0.44 

I type 21.2 23.2 20.0 22.5 0.41 0.46 
II type 22.6 23.9 21.3 23.2 0.31 0.40 

From Table 3, it can be seen that when I and II type EIM networks are used, the former makes 
the effective electromechanical coupling coefficient increase, while the latter makes it decrease. It is 
shown that the theoretically analyzed results are in good agreement with the measured ones. For the 
frequency difference of the simulated and measured, the following factors may be able to well 
explain this problem. Firstly, the used PSpice model of sandwiched piezoelectric ultrasonic 
transducers is not exactly the same as the manufactured transducers. Secondly, it is well known that 
the manufactured transducers are different, owing to fabrication error and materials difference, etc. 
Thirdly, due to the limitation of the values of commercial off-the-shelf components, the calculated 
values of inductors and capacitors in EIM networks are different from the values of the components 
used in the experimental platform. 

In addition, Figure 9a,b illustrates the relationship between electro-acoustic power and gain 
ratio and the operational frequency, respectively. From Figure 9a,b, when I and II type EIM 
networks are used, the electro-acoustic power ratio is decreased, while the electro-acoustic gain ratio 
is increased at resonance and anti-resonance frequencies. When compared I type with II type EIM 
networks, it can be found that the latter makes the electro-acoustic power ratio more substantially 
decrease at resonance frequency, while the former makes it more substantially decrease at 
anti-resonance frequency; the latter makes the electro-acoustic gain ratio more substantially increase 
at resonance frequency, and the former makes it more substantial increase at anti-resonance 
frequency. In summary, it can draw a conclusion that the electro-acoustic power ratio has maximum 
value near anti-resonance frequency, while the electro-acoustic gain ratio has maximum value near 
resonance frequency. 

Figure 8. The impedance analysis results, (a–c) the simulated results and (d–f) the measured results.

According to Figure 8a,d, the resonance and anti-resonance frequencies and effective
electromechanical coupling coefficient are listed in Table 3. In Table 3, fs, fp, ke f f c and fms, fmp,
kme f f c are the simulated and measured resonance, anti-resonance frequencies, and the effective
electromechanical coupling coefficient, respectively.

Table 3. Measured and simulated resonance, anti-resonance frequencies and the effective electromechanical
coupling coefficient.

EIM Type fs(kHz) fp(kHz) fms(kHz) fmp(kHz) keffc kmeffc

non-matching 23.3 24.9 22.5 25.0 0.35 0.44
I type 21.2 23.2 20.0 22.5 0.41 0.46
II type 22.6 23.9 21.3 23.2 0.31 0.40

From Table 3, it can be seen that when I and II type EIM networks are used, the former makes
the effective electromechanical coupling coefficient increase, while the latter makes it decrease.
It is shown that the theoretically analyzed results are in good agreement with the measured ones.
For the frequency difference of the simulated and measured, the following factors may be able to
well explain this problem. Firstly, the used PSpice model of sandwiched piezoelectric ultrasonic
transducers is not exactly the same as the manufactured transducers. Secondly, it is well known that
the manufactured transducers are different, owing to fabrication error and materials difference, etc.
Thirdly, due to the limitation of the values of commercial off-the-shelf components, the calculated
values of inductors and capacitors in EIM networks are different from the values of the components
used in the experimental platform.

In addition, Figure 9a,b illustrates the relationship between electro-acoustic power and gain ratio
and the operational frequency, respectively. From Figure 9a,b, when I and II type EIM networks are
used, the electro-acoustic power ratio is decreased, while the electro-acoustic gain ratio is increased
at resonance and anti-resonance frequencies. When compared I type with II type EIM networks,
it can be found that the latter makes the electro-acoustic power ratio more substantially decrease
at resonance frequency, while the former makes it more substantially decrease at anti-resonance
frequency; the latter makes the electro-acoustic gain ratio more substantially increase at resonance
frequency, and the former makes it more substantial increase at anti-resonance frequency. In summary,
it can draw a conclusion that the electro-acoustic power ratio has maximum value near anti-resonance
frequency, while the electro-acoustic gain ratio has maximum value near resonance frequency.
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Figure 9. The electro-acoustic characteristics of the single sandwiched piezoelectric ultrasonic
transducer with EIM network, (a) electro-acoustic power ratio, and (b) electro-acoustic gain ratio.

3.2. The Transient Analysis for Single Sandwiched Piezoelectric Ultrasonic Transducer

In order to research the time domain effect of EIM networks on sandwiched piezoelectric ultrasonic
transducers, transient analysis is performed by the PSpice model of single sandwiched piezoelectric
ultrasonic transducer, as shown in Figure 3. Figure 10a,b describes the vibration velocities of the front
and back masses, respectively. According to Figure 10a,b, the vibration velocity and vibration speed
ratio ηv are listed in Table 4. It can be easily seen that when I and II type EIM networks are connected,
the vibration velocities of the front and back masses are increased by more than twice; the vibration
velocity ratio is almost unchanged. When comparing I type with II type EIM networks, the latter make
the vibration velocities of the front and back masses more substantially increase.
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Parameters Non-Matching I Type II Type

vibration velocity (µV) 322.8 758 769.2
vibration velocity ratio ηv 2.604 2.592 2.603
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It needs to be pointed that the above-mentioned transient analysis results are derived under no
load. The greater the vibration velocity of the front mass is, the greater the ultrasonic wave inserted in
the detected objects is.

3.3. The AC Analysis for the Pitch-Catch Setup

For further investigation the effect of EIM networks on sandwiched piezoelectric ultrasonic
transducers, the AC analysis is performed based on the PSpice model of the pitch-catch setup as shown in
Figure 4. The input electrical impedance is derived as Zis = 388.592− j407.495 at resonance frequency
fs = 24.363 kHz by AC analysis and the detailed parameters of EIM networks are listed in Table 5.

Table 5. The parameters of EIM networks for the pitch-catch setup.

EIM Networks Type L(mH) C(nF)

I type 1.2 33
II type 1.5 22

The detailed analysis results are illustrated in below. Figure 11a–c illustrates the relationship
between the input electrical impedance, resistance, reactance, and the operational frequency,
respectively. In light of Figure 11a–c, it can be seen that the piezoelectric ultrasonic transducers
produces multiple resonant modes under having acoustic load. It should be pointed that the analyses
below focus on the first resonant mode. When I and II type EIM networks are connected, the resonance
and anti-resonance frequencies are decreased.
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When comparing I type with II type EIM networks, the former makes the resonance and
anti-resonance frequencies more substantially decrease. Then Figure 11d–f describes the variation
relationship between electro-acoustic power and gain ratio, the phase of input electrical impedance
and the working frequency, respectively.

From Figure 11d,e, when I and II type EIM networks are connected, electro-acoustic power ratio
are decreased but electro-acoustic gain ratio are increased at resonance and anti-resonance frequencies.
When comparing I type with II type EIM networks, the latter makes electro-acoustic power ratio more
substantially decrease at resonance frequency, while the former makes it more substantially decrease at
anti-resonance frequency; the latter makes the electro-acoustic gain ratio more substantially increase at
resonance frequency, while the former makes it more substantially increase at anti-resonance frequency.
Then, according to Figure 11f, it can be found that when II type EIM network is connected, the phase
of the input electrical impedance near to zero degree.

3.4. The Transient Analysis for the Pitch-Catch Setup

For further investigation regarding the time domain effect of EIM networks on the pitch-catch
setup, transient analysis is carried out by the PSpice model, as shown in Figure 4. The pitch-catch
setup experimental platform is built so as to verify the accuracy of analysis results. The excitation
signal selects 5 cycle sine pulse modulated by Hanning window and the excitation voltage is 20 V.

The experimental platform is primarily composed of two sandwiched piezoelectric ultrasonic
transducers, digital oscilloscope, arbitrary waveform generator, personal computer, and some inductors
and capacitors, as shown in Figure 12.

The detailed transient analysis results for the pitch-catch setup are illustrated in Figure 13a,b.
From Figure 13a,b, it can be seen that when I and II type EIM networks are used, the oscillation
of the received voltage signal is reduced; the latter make the oscillation more substantial decrease.
The received voltages of measured and simulated are listed in Table 6. In Table 6, Vs and Vm are
the simulated and the measured voltage values that are derived from the received ultrasonic transducer,
respectively and ∆1 = |Vs −Vm|/Vm.
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Table 6. The received voltages of measured and simulated for the pitch-catch setup.

Parameters Vs(V) Vm(V) ∆1%

non-matching 7.25 7.67 5.5
I type 20.7 21.4 3.4
II type 23.5 23.9 1.7
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In light of Table 6, when I and II type EIM networks are connected, the received voltage of
the sandwiched piezoelectric ultrasonic transducer are increased more than twice. When comparing
I type with II type EIM networks, the latter make the received voltage more substantially increase,
which has good consistency with the transient analysis results of the single sandwiched piezoelectric
ultrasonic transducer. It is shown that the measured results are in good agreement with the simulated
ones. But, for the difference in the received voltage in Table 6, there are several factors can well
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illustrate this problem. Firstly, the used PSpice model of the sandwiched piezoelectric ultrasonic
transducer is not exactly the same as the manufactured transducers. Secondly, due to the effect of
frequency difference for the used transducer, this can lead to some amplitude error.

For further investigating the effect of EIM networks on the sandwiched piezoelectric ultrasonic
transducers, the frequency and power spectrum analysis of the received voltage signals are performed
and the analyzed results are shown in Figure 14. Figure 14a,b illustrates the simulated frequency
and power spectrum analysis results, and Figure 14c,d describes the measured results. According to
Figure 14, it can be concluded that when I and II type EIM networks are connected, the received signal
amplitude at resonance frequency in frequency spectrum are increased more than twice; the latter
makes the amplitude largely increase.

The specific frequency and power spectrum analysis results for the pitch-catch setup are listed in
Table 7. In Table 7, As and Am are the simulated and measured signal amplitude at resonance
frequency in frequency spectrum, respectively. Then, PSDs and PSDm are the simulated and
measured power spectral density at resonance frequency, respectively, and ∆2 = |As − Am|/Am,
∆3 = |PSDs − PSDm|/|PSDm|. According to Table 7, it can be seen that when I and II type EIM
networks are used, the power spectral density are largely increased and the latter makes it more
substantially increase.
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Table 7. The frequency and power spectrum analysis results for the pitch-catch setup.

Parameters As Am PSDs(dB) PSDm(dB) ∆2% ∆3%

non-matching 0.43 0.52 −7.91 −8.37 17.3 5.5
I type 1.45 1.53 2.72 2.60 5.2 4.6
II type 1.58 1.67 4.25 4.51 5.4 5.8

But, for the difference of the simulated and measured results in Table 7, the following factors can
well explain the problem. Firstly, the used PSpice model of single sandwiched piezoelectric ultrasonic
transducer is not exactly the same as the manufactured transducers. Secondly, due to the effect of
frequency difference for the used transducer, this can lead to some amplitude and power spectral
density error.

4. Conclusions

By means of the PSpice models of the single sandwiched piezoelectric ultrasonic transducer,
the effect of EIM networks on the electromechanical characteristics of the sandwiched piezoelectric
ultrasonic transducers is systematically analyzed. To sum up, based on the analysis mentioned above,
these conclusions can be drawn as follows:

(1) When I and II type EIM networks are connected with single sandwiched piezoelectric ultrasonic
transducer, the resonance and anti-resonance frequencies, the electro-acoustic power ratio, and
the received signal tailing are decreased, while the electro-acoustic gain ratio and the power
spectral density are greatly increased.

(2) When compared with I and II type EIM networks, the former makes resonance and anti-resonance
frequencies more substantially decrease; the former makes the effective electromechanical
coupling coefficient increase, while the latter makes it decrease. Then, the latter makes
the electro-acoustic power ratio and the received signal tailing more substantially decrease,
while it makes the electro-acoustic gain ratio and the power spectral density larger at
resonance frequency.

(3) The electro-acoustic power ratio has maximum value near anti-resonance frequency,
while the electro-acoustic gain ratio has a maximum value near resonance frequency.

5. Discussion

The effect of EIM networks on the electromechanical characteristics for sandwiched piezoelectric
ultrasonic transducers is investigated in time and frequency domains by using the PSpice model
of the single sandwiched piezoelectric ultrasonic transducer in this paper. For single sandwiched
piezoelectric ultrasonic transducer, the effect of EIM networks on the performance parameters is
analyzed in detail. The parameters focused attention mainly include the resonance and anti-resonance
frequencies, the vibration velocity ratio, the electrical impedance phase, and electro-acoustic power
and gain ratio.

When compared with the theory analysis method that is based on the Mason’s equivalent circuit,
the proposed analysis method has the following advantages. First, it is extremely easy to obtain
the parameters of EIM networks and the performance parameters mentioned above only by AC and
transient analysis. Second, the proposed analysis method has great flexibility, which can be very
beneficial to optimize the topology of EIM networks. Last but not least, it is certain that the proposed
analysis method can provide guidance and basis for choosing the EIM networks. Meanwhile, it should
be noted that the equivalent series resistance of the inductances that are used in EIM networks and
the prestressed bolt of the sandwiched piezoelectric ultrasonic transducer are neglected. However,
in fact, the pre-stress can affect the electromechanical characteristics of the sandwiched piezoelectric
ultrasonic transducers. The effect of the pre-stress can be considered in the PSpice model by modifying
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the related material parameters of the front and back metal masses, the piezoelectric ceramic ring. This
will be expected to further investigate in our subsequent work.
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