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Abstract: In the construction phase of ultrasound NDT transducers the piezoceramic elements are usually 

characterized electromechanically by using vector/network analyzers and frequency sweeping signals around 

resonance frequency of interest with low level continuous electrical excitation signals. In the real operating 

conditions the NDT ultrasound transducer can be excited by using pulse (unipolar, bipolar, spike) or short burst 

signals with different amplitudes up to 400 V depending on the piezoceramic element thickness, pulse type and 

its duration. In this paper, different types of excitation signals with different excitation levels are used for 

characterization of piezoceramic elements and assembled NDT transducers. The electromechanical and 

acoustical characterization results are compared regarding the nonlinear effects at resonance frequencies and 

changed thermodynamical conditions. In addition, the pulse- echo responses in time and frequency domain of 

one NDT transducer is analyzed by using different types of excitation signals (unipolar, bipolar and bipolar 

asymmetric).  

 It is observed that electromechanical characterization by using different types of excitation signals and 

their levels on the DUT (piezoceramic element or NDT transducers) gives different results for the 

impedance/admittance magnitude at resonances. When the impulse excitation is used the electrical impedance 

magnitude at resonance is increased compared to the measurements with impedance spectroscopy method. Also, 

when bipolar pulse is used as excitation the response from the same considered object in pulse-echo setup testing 

is with higher amplitude in comparison with unipolar pulse excitation. The losses at resonance are increased due 

to harder ferroelectric domain orientation switching when pulse excitation is used in comparison with continuous 

signals excitation. 

Keywords: piezoceramic element, non-destructive testing ultrasound transducer, electromechanical 

characterization, excitation signal types, pulse-echo response duration and transducer sensitivity. 

 

1. Introduction 
 

 The full electromechanical and acoustical characterization of piezoceramic elements 

before construction of overall NDT transducers in real operating conditions is rarely done due 

to relatively complicated laboratory measurement setups [1]. The piezoceramic samples and 

NDT transducers are electrically characterized by using impedance analyzers with bridge for 

measuring electrical impedance/admittance at different impedance magnitude ranges covering 

resonance and antiresonance frequencies by using low level frequency sweeping signals [2, 

3].  

 There are also number of additional different measurement setups for high power 

characterizations of piezoceramic elements and different types of transducers by using 

constant voltage, current or velocity excitations around resonance and antiresonance 

frequencies of considered working mode [4, 5]. The measurements setups for 

electromechanical resonances determination are used for determination of dielectric, 

mechanical and piezoelectric constants of materials that are used in the phase of construction 

of NDT transducer [6]. The materials constants determined at low level excitation signals are 
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used in modelling and measured characteristics although they are usually different than 

estimated by using numerical modelling with given dielectric mechanical and piezoelectric 

material parameters [7, 8].  The measured electromechanical and acoustical resonance 

characterization results are rarely used for optimization of excitation to obtain better 

parameters and efficiency of NDT transducer [9].  

 There is a number open (FIELD II, ULTRASIM) and commercial (PZFLEX, 

PIEZOCAD) programs which assume that piezoceramic material parameters at higher 

excitation levels are the same as measured with the low level voltage magnitude sweeping 

continuous excitation signals [10, 11].   

 In this paper the overview measurement methods for electromechanical and acoustical 

characterization of piezoelectric materials and constructed NDT transducers with different 

types of excitation signals and their levels  is done and results of characterization are 

compared.  

2. Experimental setup 

 The measurement setup for electromechanical and acoustical characterization of 

piezoceramic elements and NDT ultrasound transducers are shown in Figure 1.  

 

Figure 1. Measurement setup for electrical and acoustical characterization of piezoceramic element and overall 

ultrasound transducers. 

  It consists of BODE 100 impedance analyser for continuous low level voltage 

frequency sweeping input electrical impedance/admittance measurements with impedance 

adapter bridge, BODE 100 connected with power amplifier E&I 2100 for measuring transfer 

functions (current/voltage and pressure/voltage) at different excitation levels, arbitrary 

waveform generator Keysight 33520b for burst and different types of impulse excitation 

signals generation and Keysight digital oscilloscope MSO-3024A  for recording and storing 

the signals.  Pulse and burst voltage excitation and current, pressure response signals are 

analysed in MATLAB by using own developed functions. The current is measured with 



Tektronix TCP312 current probe (frequency range up to 100 MHz and levels from mA up to 

30 A), whose signal is processed through its own amplifier (TCPA300), spans one wire of a 

DUT. Voltage probe Testec TT-SI 9001 (frequency range up to 25 MHz, levels up to 700 Vpp) 

is directly connected to ceramic electrode (DUT). The signal of acoustic pressure sensor 

FORCE MH28 hydrophone Needle Type, positioned exactly at DUT, is amplified with the 

associated Ciprian low noise preamplifier (40 dB)  making the measurements of absolute 

pressure in air in the frequency range from 500 kHz up to 20 MHz due to defined hydrophone 

sensitivity. The parameters of the piezoceramic elements and NDT transducers discussed for 

characterization is given in Table 1 with their basic parameters. 

Table 1. Basic parameters of piezoceramic material and NDT transducers used in 

experiments 

Device under test 
Diameter D 

(mm) 

Thickness 

of active 

element- t 

(mm) 

Aspect 

Ratio 

AR 

Density 

ρ (kg/m3) 

Approximate 

Series 

Resonant 

frequency fs 

(MHz) 

PIC2MHz (hard PZT 

piezoceramic sample) 
25 0,9 28 7800 2 

NDT2MHz 

(transducer=piezoceramic 

element +backing) 

25 0,9 28 N/A 2 

 Commercial NDT 

15MHz 

(ceramic+backing+front 

layer) 

9,4 N/A N/A N/A 15 

 The resonance characteristics of these DUT were compared depending on the 

excitation signals types and their levels. 

3. Theoretical background 

 Theoretical model for the input electrical impedance of the piezoceramic element 

around thickness extensional mode of working can be described with the equation 1 [2, 3, 6]. 

The material parameters have to be known to determine exactly the input electrical impedance 

at resonance and antiresonance. 
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 where S is piezoceramic disk surface area, t is piezoceramic disk thickness and ρ is 

material’s density,  ε33
S*

 is complex clamped dielectric permittivity, kt
* 

is complex 



electromechanical coupling constant for thickness extensional mode of working and c33
D * 

is 

elastic stiffness constant at constant dielectric field. 

 The input electrical impedance of the piezoceramic element or overall NDT transducer 

in full frequency range considering all vibrating modes can be determined by using analytical 

or numerical methods. The simplified representation of the piezoceramic element is RLC 

model where R represents overall losses (radiation resistance+internal losses, L represents 

effective vibrating masses (piezoceramic element, backing and front layer) and C represents 

effective elasticity of the system. The R0 and C0 represent out of resonance capacitive 

behaviour of piezoceramic element or transducer.  This RLC model is shown in Figure 2.  

 

Figure 2. RLC (a) and KLM (b) model of DUT (piezoceramic plate electrical impedance behaviour around mode 

of interest TE) 

 The linear models are fitted with measured resonance characteristics but this does not 

gives satisfactory results. If the impedance of piezoceramic resonator or overall ultrasound 

NDT transducer is changed due to nonlinear effects or self- heating than the  excitation circuit 

output impedance is not optimized for maximum transfer of electrical power into transducer 

 The resonance electrical and acoustical characterization has been done to see how the 

resonance characteristics depend on the excitation type and levels and how the output 

electrical impedance of the driving circuit should be changed due to changed loading 

impedance due to different excitation signals magnitudes and types of excitation. 

3.1 Analysis by using frequency sweeping signals 

 In this part of the work the resonance characteristics in MHz frequency range 

measured by calibrated procedure (impedance adapter) has been compared with I/U transfer 

function method (uncalibrated, under the influence of the voltage probe capacity) at two 

different excitation levels. The results for input electrical admittance around resonance 

frequency for piezoceramic sample PIC2MHz measured by using impedance adapter and I/U 

transfer function at two different levels of excitation in the frequency range of interest are 

shown in figure 3a). The voltage excitation level during frequency sweeping is changed but 

oscilloscope tracks the level at resonance frequency. In addition to I/U transfer functions at 

two different levels of frequency sweeping excitation the pressure voltage transfer function is 

shown in Figure 3b).  



 

Figure 3. The results of electromechanical a) and acoustical b) characterization of the piezoceramic sample 

PIC2MHz by using impedance adapter and two different levels of frequency sweeping excitation 

3.2  Analysing the responses by using impulse and burst excitation signals 

 In this part of the work the unipolar, symmetric bipolar, asymmetric bipolar excitation 

signals of different levels are used in electromechanical and acoustical characterization of 

piezoceramic element and transducers (Figure 4). The duration of pulses is chosen depending 

on the resonance frequency of piezoceramic element or transducer considered. The amplitude 

of excitation is changed from 50 mVpp (shown in Figure 4) up to 1 Vpp. In the results only the 

responses with pulse duration determined by using resonance frequency are shown. The 

repetition period of pulses are 500 µs having purpose to avoid heating of the DUT. 



 

Figure 4. The excitation pulses (a-unipolar, b-symmetric and c-asymmetric bipolar) with 50mVpp 

amplitude for unipolar and bipolar pulse and 30 mVpp for bipolar asymmetric pulse  

 The FFT analysis of the measured pulses has been done and input electrical impedance 

has been measured by using these different types of excitation signals and their levels. The 

maximum and minimum voltage, current, pressure amplitudes in time domain have been 

recorded when different types of pulses are used. 

 The burst signal parameters were 100 cycles with repetition period of T=40 ms.  The 

burst voltage excitation and response current and pressure signals are analysed regarding the 

input electrical impedance, applied RMS electrical power into piezoceramic element and 

response RMS pressure on the surface vs time. Several different levels of burst excitation are 

considered but only two (lowest and highest) are shown in the paper. The RMS voltage, 

current applied electrical power and response pressure have been analysed in frames of 2µs (4 

periods) to see how the parameters vary with time. In the Figure 5. some of the analysed 

signals are shown.  

 



 

Figure 5. The burst signals recorded on the piezoceramic sample PIC2MHz (voltage and current, RMS 

impedance magnitude in frames of 2µs (approximately 4 periods) 

3.3 Analysing the pulse echo response by using different types of signals  

 The pulse echo response for the NDT15MHz transducer from reflecting surface has 

been analysed. The purpose of this part of research was to find optimum pulse shape for 

obtain best transreceiver sensitivity and resolution. The results for the responses for three 

different types of excitation pulses are shown in Figure 6. 

 

Figure 6. Pulse echo responses from the reflection surface obtained with three different types of excitation 

pulses. 

 It is evident that the best pulse-echo response is obtained by using bipolar symmetric 

signal regarding the sensitivity and not so much longer response regarding duration in 

comparison with other signals. 



4. Results of electromechanical and acoustical characterizations 

 The results of electromechanical and acoustical characterization with different types of 

electrical excitation signals (continuous frequency sweeping by using impedance adapter, by 

using transfer functions, pulse and burst excitations) and levels of excitation for DUT 

(PIC2MHz, NDT2MHz are given in Table 2a) and 2b). 

Table 2a) Parameters of piezoceramic element and transducer determined by using 

frequency sweeping signals (pressure magnitude is measured by using FORCE 

hydrophone with defined sensitivity in water) 

DUT Level (VRMS at 
resonance) fr (MHz) Ymax (Si) Zmin (Ω) fa(MHz) Zmax (Ω) 

(P/U)max  

(Pa/V) 

PIC2MHz 

Impedance Adapter 1.974 2.22 0. 45 2.291 706.82 N/A 

Level1 (0,25 VRMS) 1.964 1.13 0.89 2.288 1067.42 0.027482 

Level2 (0,5 VRMS) 1.961 1.239 0.81 2.288 1290.61 0.393444 

NDT2MHz 

Impedance adapter 1.955 0.095 10.51 2.320 34.72 N/A 

Level1 (0,25 VRMS) 1.934 0.097 10.22 2.319 35.92 0.000538 

Level2 (0,5 VRMS) 1.946 0.11 9.57 2.319 37.51 0.001805 

Table 2b) Results of electromechanical characterization by using different types of 

impulse signals (Level is Generator Level) 

DUT Pulse Parameters fr (MHz) Ymax (Si) Zmin (Ω) fa(MHz) Zmax (Ω) 

P
IC

2
M

H
z
 

U
n

ip
o

la
r 

 

Level = 50mVpp   Tpulse = 254ns 
Umax = 9.57V Umin =-26.1V 
Imax = 0.59A Imin =-0.51A 

Pmax = 862kPa Pmin =-929kPa 
Pelmax = 10.18W  

1.943 0.548956 1.8206 2.294 307.29 

 

Level = 1Vpp   Tpulse = 254ns 
Umax = 86.27V Umin =-212.18V 
Imax = 4.43A Imin =-4.19A 

Pmax = 6661kPa Pmin =-7612kPa 
Pelmax = 794.18W  

1.944 1.750925 0.5711 2.288 326.2 

B
ip

o
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r 

 

Level = 50mVpp   Tpulse = 254ns 
Umax = 11.38V Umin =-12.93V 
Imax = 0.19A Imin =-0.39A 

Pmax = 10034kPa Pmin =-6661kPa 
Pelmax = 4.18W  

1.953 1.027232 0.9735 2.291 640.65 

 

Level = 1Vpp   Tpulse = 254ns 
Umax = 217.09V Umin =-190.55V 
Imax = 6.57A Imin =-5.49A 

Pmax = 91260kPa Pmin =-71324kPa 
Pelmax = 1013.76W  

1.957 1.323768 0.7554 2.292 671.21 

B
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o
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Level = 50mVpp   Tpulse = 254ns 
Umax = 8.47V Umin =-20.19V 
Imax = 0.54A Imin =-0.41A 

Pmax = 10323kPa Pmin =-7995kPa 
Pelmax = 6.36W  

1.955 1.177329 0.8494 2.292 765.76 



 

Level = 1Vpp   Tpulse = 254ns 
Umax = 101.94V Umin =-206.8V 
Imax = 5.49A Imin =-4.35A 

Pmax = 75846kPa Pmin =-82718kPa 
Pelmax = 770.44W  

1.954 1.04364 0.9581 2.292 635.16 

N
D

T
2
M

H
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U
n
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o
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Level = 50mVpp   Tpulse = 258.5ns 
Umax = 7.14V Umin =-28.26V 
Imax = 0.66A Imin =-0.56A 

Pmax = 12kPa Pmin =-16kPa 
Pelmax = 11.85W  

1.945 0.104371 9.58 2.321 70.31 

 

Level = 1Vpp   Tpulse = 258.5ns 
Umax = 72.36V Umin =-231.56V 
Imax = 4.63A Imin =-4.197A 

Pmax = 259kPa Pmin =-213kPa 
Pelmax = 811.03W  

1.954 0.103423 9.67 2.322 36.92 

B
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o
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Level = 50mVpp   Tpulse = 258.5ns 
Umax = 27.79V Umin =-26.63V 
Imax = 1.12A Imin =-0.07A 

Pmax = 45kPa Pmin =-59kPa 
Pelmax = 20.41W  

1.936 0.100298 9.97 2.326 37.24 

 

Level = 1Vpp   Tpulse = 258.5ns 
Umax = 249.57V Umin =-226.41V 
Imax = 7.85A Imin =-5.74A 

Pmax = 588kPa Pmin =-601kPa 
Pelmax = 1334.02W  

1.942 0.100404 9.96 2.319 38.74 

B
ip

o
la

r 
A

s
y
m

m
e
tr

ic
 

 

Level = 50mVpp   Tpulse = 258.5ns 
Umax = 9.09V Umin =-25.97V 
Imax = 0.72A Imin =-0.53A 

Pmax = 24kPa Pmin =-29.9kPa 
Pelmax = 10.1W  

1.938 0.095894 10.43 2.328 37.32 

 

Level = 1Vpp   Tpulse = 258.5ns 
Umax = 118.91V Umin =-223.84V 
Imax = 6A Imin =-4.29A 

Pmax = 304kPa Pmin =-311kPa 
Pelmax = 811.92W  

1.921 0.099905 10.01 2.336 35.41 

*pressure amplitude is measured on the DUT surface in air with water defined sensitivity 

(there were no data for hydrophone sensitivity in air) 

 The results for NDT15MHz transducer for the input electrical impedance obtained 

with impedance adapter and different types of pulse excitation are shown in Figure 7. The 

resonance peaks in this type of transducer are not visible when impedance adapter is used but 

the admittance curves are compared. 

 

Figure 7. The results of NDT15MHz transducer electromechanical characterization by using impedance adapter 

and different types of pulse excitation signals 



5. Discussion and conclusion 

 From presented results it is visible that the type of measurement setup (impedance 

adapter or I/U transfer function) have some influence on obtained measurement results for the 

input electrical admittance/impedance of transducer in the MHz frequency range. The 

difference between calibrated setup without influence of the voltage probe in MHz range are 

visible more at antiresonance frequency and out of resonance due to influence of the voltage 

probe capacity on the overall performance of the DUT. The general conclusion is that for 

piezoceramic samples the input electrical admittance at resonance has lower value (increased 

losses, increased resonance impedance) when impulse excitation is used. There is also some 

difference depending on the level of excitation and shape of the pulse in the resonance 

frequency when the pulse types of excitation are used. Generally the bipolar symmetric 

excitation has better sensitivity when reflected pulse is observed which is visible in Figure 6.  
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