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Abstract: This research paper presents a comprehensive methodology for the efficient modeling
of piezoelectric micromachined ultrasonic transducers (PMUTs) using a combination of finite and
lumped element models. A single membrane is first studied in air with an eigenfrequency study
in order to calibrate the lumped element model on the finite element model. From this electrical
equivalent circuit, a complete model of the PMUT cell composed of numerous membranes is devel-
oped using the propagation, directivity, absorption, mutual and self-impedances, and variability of
the resonance frequencies due to manufacturing discrepancies. The calculated acoustic response of
the PMUT is then compared with a measured response, in water. The relatively good agreement
between the simulation and the measurement, as well as the very low computation time, makes
this approach relevant for further optimization of the PMUT design to target larger bandwidth and
higher sensitivity.
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1. Introduction

Accurate simulation of piezoelectric micromachined ultrasonic transducers (PMUTs) is
decisive for the optimization of their performance without building expensive prototypes.
Finite element simulation is widely used but is quickly limited by computation time
when simulating large arrays of transducers. To circumvent this limitation, we propose
to calibrate a lumped element model of a single membrane on a 2D axisymmetric finite
element model and to use the latter in a complete analytical model to predict the frequency
response of a PMUT cell in liquid medium The PMUT cell encompasses three columns of
76 membranes each for a total size of 190 × 5000 µm2.

2. Materials and Methods
2.1. Single Transducer in Air

The model first focuses on the simulation of a single diaphragm. The membrane
radius is 26.5 µm. The stack is composed of 100 nm SiO2/1500 nm Si/200 nm Mo/900 nm
AlN/200 nm AlCu/300 nm SiN. An equivalent circuit of a single diaphragm is derived
using the approach presented in [1]. The imperfect anker stiffness is adjusted to match the
finite element model.

2.2. PMUT Cell

Then, the variability of the resonance frequency is included as a truncated normal
distribution of the compliance within an assembly of transducers (Figure 1a) to account for
the manufacturing discrepancies across a cell. From this model, the electrical impedance of
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a cell in air is calculated and compared with the measured value, reflecting the Q factor of
7 observed experimentally (Figure 1b).
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Figure 1. Distribution of the resonance frequencies of the 228 transducers of one cell calculated using 
a truncated normal distribution with a maximum deviation of 3% from the nominal value (a), sim-
ulation and measurement of the electrical impedance of a cell (b), acoustic pressure of a cell simu-
lated by the analytical model in a plane parallel to the plane of the PMUT at a distance of 2.11 mm, (c) 
and the corresponding acoustic pressure measured in water (d). 

The mechanical impedance of a cell in water is then calculated, considering the self 
and mutual radiation impedances [2]. A comprehensive equivalent lumped model is built 
(not shown). From the total mechanical impedance and the transfer function of the elec-
trical part of the equivalent circuit, the pressure radiated at a specific point in space can 
be calculated, using the monopole approximation, the absorption from the media, and the 
directivity index. The calculated pressure field on a plane parallel to the PMUT (Figure 1c) 
can then be compared with the measured value in the same conditions (Figure 1d). The 
good agreement between the simulated and measured electrical, mechanical, and acous-
tical characteristics demonstrates that this approach is meaningful to optimize the design 
for a higher sensitivity or a broader bandwidth. 
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Figure 1. Distribution of the resonance frequencies of the 228 transducers of one cell calculated
using a truncated normal distribution with a maximum deviation of 3% from the nominal value (a),
simulation and measurement of the electrical impedance of a cell (b), acoustic pressure of a cell
simulated by the analytical model in a plane parallel to the plane of the PMUT at a distance of
2.11 mm, (c) and the corresponding acoustic pressure measured in water (d).

The mechanical impedance of a cell in water is then calculated, considering the self
and mutual radiation impedances [2]. A comprehensive equivalent lumped model is
built (not shown). From the total mechanical impedance and the transfer function of the
electrical part of the equivalent circuit, the pressure radiated at a specific point in space can
be calculated, using the monopole approximation, the absorption from the media, and the
directivity index. The calculated pressure field on a plane parallel to the PMUT (Figure 1c)
can then be compared with the measured value in the same conditions (Figure 1d). The
good agreement between the simulated and measured electrical, mechanical, and acoustical
characteristics demonstrates that this approach is meaningful to optimize the design for a
higher sensitivity or a broader bandwidth.

Author Contributions: Conceptualization, B.F. and R.L.; Methodology, B.F. and R.L.; Software, R.L.;
Visualization R.L. and F.B.; Investigation, F.B.; Project Administration H.L. and B.F.; Writing—original
draft, R.L.; Writing—review and editing, B.F.; Resources, J.-C.B., J.-R.C. and F.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This study has been funded by ECSEL Joint Undertaking project POSITION-2. The authors
also thank SOITEC for their support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available on request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.



Proceedings 2024, 97, 60 3 of 3

References
1. Pala, S.; Lin, L. An Improved Lumped Element Model for Circular-Shape PMUTs. IEEE Open J. Ultrason. Ferroelectr. Freq. Control

2022, 2, 83–95. [CrossRef]
2. Oguz, H.K.; Atalar, A.; Koymen, H. Equivalent Circuit-Based Analysis of CMUT Cell Dynamics in Arrays. IEEE Open J. Ultrason.

Ferroelectr. Freq. Control 2013, 60, 1016–1024. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/OJUFFC.2022.3178972
https://doi.org/10.1109/TUFFC.2013.2660
https://www.ncbi.nlm.nih.gov/pubmed/23661137

	Introduction 
	Materials and Methods 
	Single Transducer in Air 
	PMUT Cell 

	References

