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Abstract 
Cup-horn transducers are ultrasonic transducers with very consistent resonant frequencies.  This makes 

them ideal for applications requiring a focused array, such as particle manipulation/levitation.  In this 

paper, we present a statistical analysis of the variation in transducer response at the quoted resonance of 40 

kHz, as well as the variation in electrical impedance.  The results show that variation in Q-factor is 

significantly greater than variation in resonant frequency.  Despite the statistically significant variation 

between individual transducer outputs, the implication for arrays is minimal, with a predicted maximum 

loss in peak focal pressure of 1.25 dB.  Finally, we show that the response of the coupled electro-

mechanical structure of the transducer is highly nonlinear.  The same nonlinear phenomena are less 

significant at low excitation voltages, as would be used for sensing applications.  This nonlinearity has 

implications for the design and selection of transducers for high power applications. 

1 Introduction 

Arrays of ultrasonic transducers have been developed for many applications, including noncontact 

manipulation of particles in air, microfluidic particle manipulation and micro-surgery [1] [2].  An 

ultrasonic transducer type of particular interest is the cup-horn transducer, which is most commonly 

utilised for proximity sensing applications, for example car parking sensors.  Recently, cup-horn ultrasonic 

proximity sensor transducers have been utilised in research applications requiring large arrays of 

transducers operating in air, as they produce reliable and controllable acoustic fields with desired 

characteristics at a competitive price.  Such applications include ultrasonic levitation [3] and low cost 

parametric speakers [4].  Such transducers consist of a piezoelectric disk, with a cup shaped horn attached 

using adhesive.  Cup-horn transducers have several major advantages, including low cost, low operating 

voltages (10-20 V) and very stable and repeatable resonant frequencies in comparison to other options, 

such as Langevin horn transducers.  Whilst the variability of such transducers is known to be low, 

manufacturers don’t provide statistical data on transducer output.  In particular, data is not available as to 

the variation in phase and output sound power between transducers of the same model, how this varies 

with driving voltage, and how transducers of different models compare. 

 

In this paper, we provide a statistical analysis of the performance and variability of two off the shelf cup-

horn transducers, the Prowave 400ST160 [5] and the Murata MA40S4S [6], both of which are relatively 

cheap and readily available from multiple suppliers.  Both transducers are designed for proximity sensing 

applications and have a rated resonant frequency of 40 kHz.  In Section 2, the statistical variation in 

acoustic output and phase for both transducers is presented.  In addition, the relative efficiency of each 

transducer is assessed as a function of excitation voltage.  In Section 3, the frequency response of both 

transducers is presented, highlighting a nonlinear response that is dependent on the excitation voltage.  

The frequency response was measured to try and understand the source of the measured output variation.  

In Section 4, an analysis of the influence of individual transducer variation on the peak acoustic pressure 

generated by a focused array is assessed.  Finally, we presented our proposed future work based on the 

findings in this paper in Section 5. 
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2 Transducer Variation at Resonance 

To test and quantify the variation in performance, 10 Prowave and 10 Murata transducers were randomly 

selected from a batch of several hundred transducers purchased from 3
rd

 party suppliers.  The response of 

each transducer was measured at the quoted resonant frequency of 40 kHz using a microphone at a 

distance of 70 mm from the transducer surface (Figure 1).  As well as the acoustic response of the 

microphone, the excitation voltage and current applied to the transducer was also recorded to ensure phase 

and power draw could be quantified.  The microphone used is a GRAS 46BG high pressure microphone 

coupled to a GRAS 12AX power module.  To generate the required sine wave input signal, an Iso-Tech 

AFG-21005 function generator was used in conjunction with an A.A. Lab A-303 high voltage amplifier, 

with a gain of 20.  The current applied to the transducer was measured using a CP35 current probe.  In all 

measurement cases, the function generator was set to supply a sine wave at 40 kHz with a user determined 

rms voltage.  Prior to each measurement, a transducer is located in the transducer mount for testing.  All 

data was acquired using the National Instruments LabView software in conjunction with an NI 9222 

acquisition module and an NI 9171 chassis.  All data processing was performed using Matlab and 

statistical analysis was performed using Minitab. 

 

 

Figure 1:  Test rig used for characterizing transducer output. 
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2.1 Statistical Variation 

The measured response of the transducer samples are presented in Figure 2 for the Prowave transducers 

and Figure 3 for the Murata transducers.  The response characteristics recorded for each transducer are the 

rms acoustic pressure amplitudes measured by the microphone at a distance of 70 mm from the transducer 

surface, the true rms voltage amplitude of the excitation signal, the rms current amplitude of the excitation 

signal, and the phase difference between the acoustic pressure and the excitation voltage.  70 mm was 

chosen as a reasonable trade-off between maximizing the signal to noise ratio and limiting the reflections 

from the microphone interfering with the acoustic field.  Data was recorded at three rms excitation 

voltages; 6 V, represented a low power signal that would be used for sensing applications; 14 V, 

represented a mid-level power signal; and 22 V, representing a high power signal at the upper limit of the 

transducer power rating and relevant to particle manipulation. 

 

 

Figure 2:  Response measurements of 10 randomly selected Prowave transducers at low (6 Vrms, blue 

markers), medium (14 Vrms, red markers) and high (22 Vrms, black markers) excitation voltages.  The 

stared line is the response of a single transducer at intervals of 2 Vrms. 
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Figure 3:  Response measurements of 10 randomly selected Murata transducers at low (6 Vrms, blue 

markers), medium (14 Vrms, red markers) and high (22 Vrms, black markers) excitation voltages.  The 

stared line is the response of a single transducer at intervals of 2 Vrms. 

In addition to measuring the response of each of the 10 sample transducers, 10 repeat measurements were 

taken for one transducer, with the transducer removed from and placed back into the mount between each 

test.  This was done to estimate the statistical error of the test setup itself, which is presented as part of the 

statistical results in Table 1.  By comparing the statistical error between 10 transducers and 1 repeated 

transducer, the significance of the variation in output between different transducers over random error 

could be estimated.  The full statistical results are presented in Table 1.  The statistical results are 

presented for low and high excitation voltages only, as these are of most interest in terms of comparing 

sensing and particle manipulation applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1352 PROCEEDINGS OF ISMA2018 AND USD2018



Transducer Excitation Voltage Measurement 𝝁𝒄𝒐𝒎𝒑 σ comp σ ref σ ratio P-value 

Prowave 

 

 

 

 

 

 

 

 

6 Vrms 

Response (Pa) 208.50 8.12 5.95 0.733 0.433 

Excitation Current (mA) 8.46 0.75 0.46 0.607 0.411 

Phase (deg) -142.12 7.12 2.50 0.351 0.008 

22 Vrms 

Response (Pa) 503.77 17.69 6.21 0.351 0.031 

Excitation Current (mA) 15.92 0.80 0.25 0.302 0.027 

Phase (deg) -167.98 6.22 1.75 0.282 0.011 

Murata 

6 Vrms 

Response (Pa) 90.16 6.76 2.34 0.346 0.013 

Excitation Current (mA) 6.43 0.40 0.05 0.112 0.000 

Phase (deg) -104.67 16.00 2.68 0.168 0.000 

22 Vrms 

Response (Pa) 255.49 12.85 3.68 0.286 0.020 

Excitation Current (mA) 14.78 1.20 0.05 0.039 0.000 

Phase (deg) -133.42 14.08 1.41 0.100 0.000 

 

Table 1:  Statistical analysis of the response, excitation current and phase of 10 Prowave and 10 Murata 

transducers when excited with a low (6 Vrms), medium (14 Vrms) and high (22 Vrms) excitation voltage. 

𝜇𝑐𝑜𝑚𝑝 is mean value from 10 transducers, σcomp is the standard deviation between 10 transducers, σref is the 

standard deviation of 10 repeated tests with one transducer, σratio is the ratio of σcomp and σref, Given is the 

P-value of the likelihood that there is no difference between σcomp and σref. 

 

In order for the data to be a valid representation of the error in transducer response, the standard deviation 

ratio should be less than 1 with a high confidence.  Apart from the response of a Prowave transducer with 

a low excitation voltage, it can be said with at least 95% confidence that there is a statistically significant 

difference in the standard deviation of the response of the 10 tested Prowave and Murata transducers 

compared to a single transducer repeated 10 times (P-value less than 0.05).  As all ratios are less than 1, it 

can be said that the measurement error of the test rig is smaller than the error between individual 

transducers, validating the data obtained.  This statement is less valid for the Prowave transducer at a low 

excitation voltage due to the relatively high ratio and P-value.  In this paper, we are predominantly 

interested in the high voltages cases. 

It is noted that there is not a significant difference in the output variation of the tested Prowave and Murata 

transducers, with the Murata having a more consistent response in terms of output sound power and the 

Prowave having a more consistent phase.  It cannot be reasonably said that the performance of either 

model is better or worse with regards to variation between apparently identical transducers. 

DYNAMIC TESTING: METHODS AND INSTRUMENTATION 1353



2.2 Transducer Efficiency Comparison 

The data presented in Figure 2 and Figure 3 was used to calculate the throughput of the transducers at each 

of the three voltage levels.  Throughput is measured as the pressure recorded at 70 mm above the 

transducer per Watt of power usage.  It is clear that there is a difference between the Prowave and Murata 

transducers, however, as the measurement is taken at a single point, it does not take into account 

differences in directivity, and hence cannot be used to compare the efficiency of the two types.  What is of 

interest is the change in throughput of both transducer types as a function of voltage, which represents the 

relative change in efficiency.  It can be seen in Table 2 that the throughput drops by two thirds from the 

low voltage to high voltage levels.  The potential cause of this efficiency loss is discussed in the next 

section. 

 

Transducer Applied Excitation Voltage Throughput (Pa/W) Throughput Ratio (6V/22V) 

Prowave 6 V(rms) 4132 

2.91 14 V(rms) 1996 

22 V(rms) 1420 

Murata 6 V(rms) 2326 

3.00 14 V(rms) 1109 

22 V(rms) 775 

Table 2:  Throughput of both transducers as a function of excitation voltage. 

 

3 Frequency Response 

As well as a statistical analysis of the response at resonance, it is of interest to analyse the frequency 

dependent response of both transducer models.  This is to try and link the observed statistical variation in 

output to the transducer operation, as well as to quantify variation in resonant frequency and Q-factor.  

Two methods were used to do this.  The impedance of each sample transducer was measured without load 

using a Cypher Instruments C-60 and the CypherGraph software.  This information is used to assess the 

variability of the transducers when unloaded in terms of both resonant frequency and Q-factor, both of 

which are calculated within the software.  Secondly, frequency sweeps were performed using the test 

equipment shown in Figure 1.  To do this, the microphone was moved to a height of 270 mm above the 

transducer surface and the acoustic response and excitation current were recorded whilst sweeping the 

frequency of the excitation signal around 40 kHz using the function generator. 

3.1 Impedance Measurements 

The statistical analysis from the impedance measurements is presented in Table 3 for resonant frequency 

and Table 4 for Q-factor.  The results are a measure of the electro-mechanical impedance of the 

transducers, and do not correlate directly to acoustic output as the acoustic impedance of the horn is not 

directly included in the measurement.  It can be seen that the variation in resonant frequency is indeed 

very low compared to the magnitude of the mean for both transducer types.  There is, however significant 

variation in the Q-factor.  This variation in Q-factor will result in a variation in output acoustic power 

when driving all transducers at a constant frequency of 40 kHz, as at least some of the transducers in the 

sample will be driven off-resonance.  It is therefore likely that the high variation in Q-factor can at least 

partly explain the variation in output acoustic power presented in Table 1. 
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Transducer Mean Resonant 

Frequency 

σ comp σ ref Coefficient of 

Variation 

Prowave 40203 Hz 99.5 Hz 33.6 Hz 0.20% 

Murata 40205 Hz 77.3 Hz 30.0 Hz 0.19% 

Table 3:  Statistical analysis of the resonant frequency of 10 Prowave and 10 Murata transducers. σcomp is 

the standard deviation between 10 transducers, σref is the standard deviation of 10 repeated tests with one 

transducer and the coefficient of variation is the ratio of the standard deviation to the mean. 

 

Transducer Mean Q-factor σ comp σ ref Coefficient of 

Variation 

Prowave 33.06 3.69 0.60 11.16% 

Murata 22.60 2.16 0.22 9.56% 

Table 4:  Statistical analysis of the Q-factor of 10 Prowave and 10 Murata transducers. σcomp is the 

standard deviation between 10 transducers, σref is the standard deviation of 10 repeated tests with one 

transducer and the coefficient of variation is the standard deviation to the mean. 

 

3.2 Acoustic Response Measurements 

The measured frequency response of the 10 sample transducers subject to low, medium and high 

excitation voltages are depicted in Figure 4 for the Prowave transducers and Figure 5 for the Murata 

transducers.  Frequency sweeps were conducted between 34 and 54 kHz to capture all phenomena of 

interest in the vicinity of the quoted resonant frequency of 40 kHz.  The responses were measured with the 

microphone at a distance of 270 mm to minimize reflections from the microphone interfering with the 

acoustic field.  The signal to noise ratio of the magnitude of the field was not a consideration as we are not 

comparing absolute magnitude values. 

 

 

 

Figure 4:  Frequency response of 10 Prowave Transducers at low (6 Vrms, blue), medium (14 Vrms, red) and 

high (22 Vrms, black) excitation voltages.  (a)  acoustic intensity measured at 270 mm from the transducer 

surface, (b) excitation current. 

(a) (b) 
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Figure 5:  Frequency response of 10 Murata Transducers at low (6 Vrms, blue), medium (14 Vrms, red) 

and high (22 Vrms, black) excitation voltages.  (a)  acoustic intensity measured at 270 mm from the 

transducer surface, (b) excitation current. 

The measured excitation current with a constant excitation voltage (Figure 4b and Figure 5b) suggest that 

both the Prowave and Murata transducers demonstrate a nonlinear softening behaviour, with the 

impedance minimum (maximum current) shifting down by approximately 2 kHz in both cases.  This 

phenomenon is manifested in the acoustic output of the transducers (Figure 4a and Figure 5a), which 

depict a secondary resonant peak forming below the 40 kHz resonance (between 36 and 38 kHz) for the 

case of high voltage inputs.  The secondary peak is better resolved in the Prowave transducer response due 

to the higher Q-factor.  In addition to the secondary peak, the response at 40 kHz is a nonlinear function of 

voltage, as is apparent from the acoustic response curves of Figure 2 and Figure 3.  Despite the nonlinear 

softening behaviour observed in the excitation current as a function of excitation voltage, the acoustic 

response remains strongest at 40 kHz for both transducer types, with no statistically significant frequency 

shift observed.  This would suggest a relatively linear response with input voltage.  A possible hypothesis 

is that the nonlinearity of the driving piezo is responsible for the nonlinear response observed in the 

current signal, whilst the emitting horn itself is very linear, resulting in the consistent resonant peak 

observed in the acoustic response signal.  The coupling between the nonlinear driving piezo and the linear 

emitting horn could produce the observed response.  A model of the full coupled physics would be 

required to verify this hypothesis, which is discussed in the Future Work section. 

The nonlinearity of the frequency response could also explain the observed drop in throughput efficiency 

that was highlighted in Section 2.2.  As the point of minimum impedance of the transducer shifts to lower 

frequencies, the impedance at 40 kHz increases as a function of voltage.  The result is a greater loss of 

energy through heating, reducing the efficiency of the transducer to convert input electrical power into 

acoustic power. 

Finally, it is interesting to note that a secondary peak occurs in the excitation current response of the 

Prowave transducer in the region of 46-50 kHz.  However, the same phenomenon is not observed in the 

Murata transducer response.  The cause of this secondary peak is not fully understood, but is likely a 

secondary resonant mode of the piezo disk element itself.  This secondary peak does appear to manifest in 

the acoustic response of the Prowave transducer, however, the acoustic amplitude is significantly lower 

than the main peak at 40 kHz, suggesting high acoustic impedance from the emitting horn.  To confirm 

this hypothesis, it would be desirable to study the resonant properties of the driving piezo disk and 

compare this to the design parameters of both transducer models.  This is discussed further in the Future 

Work section. 

(a) (b) 
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4 Simulated Array Variation 

The statistical data from Section 2 was used to simulate the variation in peak acoustic pressure of a 

focused array as a representation of the variation in acoustic radiation force.  The response of a single 

transducer at a single point in space can be assumed to be harmonic with a variable amplitude and phase 

term. 

𝑃 = 𝐴e𝑖(𝜔𝑡−𝜙), 
(1) 

where 𝐴 is the output pressure amplitude of the transducer, 𝜔 is the excitation angular frequency and 𝜙 is 

the phase of the transducer output.  For a focused array of N transducers, the total acoustic pressure at the 

focal point will be a simple summation. 

𝑃𝑡𝑜𝑡 = (∑𝐴𝑛e
−𝑖Φn

𝑁

𝑛=1

)e𝑖𝜔𝑡 
(2) 

 

Using the statistical data from Table 1 (𝜇𝑐𝑜𝑚𝑝 and 𝜎𝑐𝑜𝑚𝑝), the 5
th
 and 95

th
 percentile can be found for any 

sized array using a Monte Carlo simulation and equation (2).  The results are presented in Table 5 for the 

Prowave transducers and Table 6 for the Murata transducers.  The transducers are assumed to have a 

Gaussian distribution.  A total of 100,000 trials were run for each case, at which point sufficient 

convergence was achieved. 

 

No. 

Transducers 

5
th

 and 95
th

 percentile due to 

Transducer Variation 6 Vrms (dB) 

5
th

 and 95
th

 percentile due to 

Transducer Variation 22 Vrms (dB) 

5
th
 95

th
 5

th
 95

th
 

1 -1.38 1.19 -0.90 0.82 

10 -0.81 0.17 -0.59 0.10 

50 -0.56 -0.11 -0.42 -0.10 

100 -0.50 -0.18 -0.37 -0.15 

Table 5:  Variation in focused array acoustic pressure due to individual variation in transducer output for 

an array of Prowave transducers.  The 5
th
 and 95

th
 percentiles are in dB relative to the acoustic pressure 

from an array of identical, mean valued transducers operated at 6 Vrms and 22 Vrms. 

 

 

No. 

Transducers 

5
th

 and 95
th

 percentile due to 

Transducer Variation 6 Vrms (dB) 

5
th

 and 95
th

 percentile due to 

Transducer Variation 22 Vrms (dB) 

5
th
 95

th
 5

th
 95

th
 

1 -0.69 0.64 -0.62 0.58 

10 -0.28 0.15 -0.24 0.15 

50 -0.16 0.03 -0.14 0.04 

100 -0.14 0.00 -0.11 0.01 

Table 6:  Variation in focused array acoustic pressure due to individual variation in transducer output for 

an array of Murata transducers.  The 5
th
 and 95

th
 percentiles are in dB relative to the acoustic pressure 

from an array of identical, mean valued transducers operated at 6 Vrms and 22 Vrms. 
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The variation in output is more pronounced at lower excitation voltages for both transducer types, 

predominantly due to the greater variation in phase.  At high excitation voltages, as would be used for 

particle manipulation/levitation applications, the variation in individual transducer output results in no 

more than a -0.9 dB reduction in peak focal acoustic pressure, compared to pressure levels in the region of 

160 dB often used for particle manipulation applications [7].  The variation in output of the two tested 

models of cup-horn transducers hence should not be a significant issue when incorporating them into 

arrays for particle manipulation applications.  It is noted that both the range and the lower bound loss in 

peak acoustic intensity of the 95
% 

confidence interval reduces as the array size increases.  This is due to 

the reduced phase deviation between individual transducers, as the number of transducers increase whilst 

the individual variation in phase remains constant. 

5 Future Work 

This paper has presented an experimental analysis of two cup-horn transducers used in research 

applications involving large arrays operating in air.  It has been demonstrated experimentally through 

frequency response analysis that the operating mode of two existing off-the-shelf cup-horn transducers 

varies significantly depending on the applied excitation voltage.  It is important to understand not only 

how this influences the application of cup-horn transducers, but also how design parameters influence the 

voltage dependent operating mode.  To complete the picture, it would be desirable to construct a model of 

the coupled system, consisting of an approximately linear resonant horn and nonlinear piezoelectric-

actuated disk.  An analysis of the coupling between the two would give an insight into how the frequency 

response of a cup-horn transducer varies with excitation voltage, and would be a valuable tool for 

specifying design parameters, depending on whether a transducer is required for high or low power 

applications (for example sensing vs. acoustic levitation). 

6 Conclusion 

The results of our experimental investigation demonstrate that while the tolerances on resonant frequency 

are well controlled (less than 1%), there is measurable variation in measured Q-factor (on the order of 

10%).  It is suggested that this variation in Q-factor is the main driver of variation in sound power output 

for a given driving voltage.  In addition to resonant frequency and output sound power/Q-factor, we 

measure the frequency response of both transducers at high and low excitation voltages.  The results show 

a significant nonlinearity of the transducer, with two coupled resonances forming at high voltages, which 

we propose is a result of the coupling of a relatively linear resonant horn and a highly nonlinear 

piezoelectric disk.   Taking into account the measured variation in transducer response when considering a 

focused array, a maximum variation in peak focal acoustic pressure of 1.38 dB at the 5
th
 percentile was 

calculated for high voltage excitation.  This is a small deviation compared to the acoustic pressures 

normally required for particle manipulation/levitation applications (on the order of 160 dB) and is unlikely 

to be a significant consideration. 
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