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Abstract
Ultrasonic transducers and arrays are used routinely in a diverse range of applications, including biomedical imaging and therapy, non-destructive
testing, SONAR and industrial process monitoring. successful design of a sensor device for a specific application is often very difficult, owing
to its complex interaction both within the device and its operational medium. This paper presents the design of widely used thickness-mode
ultrasonic transducer devices. Simulation and experimental results are also presented.

piezoelectric property can be found in many materials such
as quartz, Lead Zirconate Titanate (PZT), and Polyvinylidene
Fluoride (PVDF). A typical thickness mode ultrasonic
transducer construction is illustrated in Fig. 1. These single
element transducers are based on a piezoelectric plate (or
disc) poled along the thickness direction. The transducer
structure presented in Fig. 1 is connected to an arbitrary
electrical load (ZE) in series with a Thevenin equivalent
voltage source (VE). When an electrical impulse is applied to
the electrodes, an acoustic resonance, defined by the device
thickness is produced. Typically, piezoceramics (with high
acoustic impedance around 30 MRayl) are often used as an
active material in such transducers.

The rear face of the transducer comprise of a thick non-
conducting block (referred to as backing, often matched to
the transducer active layer impedance). It is used primarily to
act as a support and to attenuate acoustic radiation emitted

1. Introduction

Successful and cost effective design of a piezoelectric
transducer or array can be problematic, for a variety of well
established reasons, and is reliant traditionally on practical
experience, supplemented by performance evaluation via
computer modelling. Even while considering a simple
piezoelectric device, there is wide variety of possible designs.
Secondly, the design of an ultrasonic transducer for different
application areas can differ greatly. For example, the measure
of overall round-trip efficiency or insertion loss is not
significant while designing an ultrasound sensor for SONAR
applications. However, insertion loss is a critical parameter
for bio-medical probe design. Therefore, application specific
design knowledge is another key factor for successful and
efficient design of ultrasound transduction systems.

This paper investigates some of the challenges involved
in designing ultrasonic sensors for non-destructive
evaluation (NDE) application. Design of the widely used
thickness mode piezoelectric transducers is presented.
Simulated device characteristic, using an approximate
analytical linear systems technique was used to study various
designs. The effect of backing layers, matching layers,
electrical load, and active element on the device operational
characteristics is reported. Experimental results are also
presented to corroborate with the modelling results.

2. Thickness mode ultrasonic transducer

Sensors are devices that convert one form of energy
into another. Based on the principle and the type of
measurand involved they can be classified into many types
such as photoconductive, straingauges, and piezoelectric
devices [1]. Only piezoelectric transducer (thickness mode
piezoelectric transducer, stacked thickness devices, inversion
layer transducers) is included in this paper. Piezoelectric
devices convert mechanical stress to electrical charge or
voltage (direct effect), and vice versa (indirect effect). The

Fig. 1 : Schematic overview of a conventional thickness mode
piezoelectric transducer structure, configured as a
transmit device
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frequency). Please note that a 50 Ohm electrical load is
considered in all simulations in this section, unless otherwise
stated.

The above simulation used a single quarter wave
matching layer (7MRayl, ~3mm thick) at the front face of the
transducer. The use of multiple matching layers based on the
same principle, can further improve transducer performance
(especially to produce high-efficiency, wide-band
piezoelectric transducers). For the same transducer design
specification described above, a three layer matching at the
front face would increase the operational bandwidth and is
presented in Fig. 3. Also, it is evident from further simulations
(Fig. 4) that for this transducer specification a three layer
design is sufficient as it would give almost the same result
as a four layer design, while reducing the manufacturing
complexity largely. The simulations presented so far, consider
an air backing to enhance transducer sensitivity. The ringing
present in the transducer’s time domain response could be
damped further by choosing an appropriate backing medium,

from the back face of the transducer. Even though the
presence of such backing blocks lower device sensitivity,
they are essential for achieving higher axial resolution. At
the front face of the transducer is often a thin wear protection
layer, for devices operating directly into high impedance load
(for example steel). However, using high impedance
piezoceramics or composites in low impedance loads (seen in
water or air coupled NDT applications) will make the device
usable only in a very narrow band of frequencies due to the
mechanical mismatch. Consequently, matching layers whose
acoustic impedance is intermediate between the ceramic and
the load medium are used to improve device sensitivity, while
operating into such low acoustic impedance loads. Designing
matching layers will greatly increase the operational
bandwidth and efficiency of a transducer and has to be
considered carefully at any design stage.

2.1 Modelling

Even while considering a simple conventional thickness
mode piezoelectric device described earlier, there is a wide
variety of possible designs and successful application
specific design of a sensor system is often very difficult.
Each component of the probe assembly, described so far, has
a specific function and has to be modelled thoroughly (often
a trade-off of certain aspects based on each application
requirement) prior to design of a transducer system in order
to achieve desired performance. Consequently, a
comprehensive model, capable of predicting the device
characteristics, is vital for designing complex systems
involving such sensor elements.

There are many ways to model piezoelectric transducers
systems. The three main modelling techniques are the
equivalent circuit approach, finite element analysis (FEA)
and models based on Laplace transformation [2]. A three-port
lattice model is used for simulations within this paper. This
model is based on linear systems theory [3], and uses discrete
bi-directional lattice to describe the mechanical wave
propagation and continuous transfer function to represent
the electrical parameter. The mathematical formulation for a
thickness mode configuration and a straightforward physical
interpretation of the lattice model is presented in an earlier
publication [4]. Unless otherwise stated, only one-
dimensional models are considered. That is, all electrical and
mechanical quantities are assumed to vary only in the
thickness dimension of the piezoelectric material and are
satisfied by the one-dimensional wave equation. As will be
seen, this is not an undue restriction and the so called
thickness mode family of transducers is appropriate for many
practical NDE applications.

Figure 2 shows a nominally 1MHz thickness mode
transducer made of PZT-5H [5] active layer radiating directly
into water simulated using a linear systems model
implemented in MATLAB [6]. As indicated in Figure 2,
conventional thickness mode transducers behave as
mechanical cavity resonators, modified by the piezoelectric
effect. Consequently, they demonstrate odd harmonic
sensitivity, with nulls at the even harmonics. The results
indicate clearly that device has around 95% fractional
bandwidth, calculated using the formula fb = ((f2 - f1)*100)/
fp (where f1, f2 are the 6dB cut off points and fp is the peak

Fig. 2 : 1MHz conventional thickness mode transducer simulated
using a lattice model: (left) Receiver impulse response
and (right) device electrical impedance profile
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however at the cost of sensitivity. Simulation results in Figure
5 highlight the effect of different backing layers on the
transducer ring-down time and frequency spectrum in pulse-
echo operation mode.

2.2 Experimental validation

Thin Silver electrodes are painted in the front and back
face of a permanently polarised active piezoelectric crystal.
The active layer used in the prototype device is a composite
made of 50% volume fraction (PZT-5A) and hard-set polymer
(CY1300/1301), with a nominal operating frequency of 1MHz.
The manufactured matching layers are lapped to final
thickness (in this case 0.75mm, 0.5mm and 0.78mm,
respectively), and bonded directly onto the front face of the
active layer. Details of the active piezoelectric layer and the
matching layers used in the prototype device assembly are
presented in Appendix I. Figure 6 shows the picture of
finished device in a water tight container together with a
schematic describing the casing. Pulse-echo measurement
was performed in water with a planar Crown glass block used
as the reflector. The device was connected via BNC cable to
a JSR PR35 Pulser/Receiver (JSR Ultrasonics, Pitttsford, NY)
and the signal recorded using an Infiniium 54832D
oscilloscope (Agilent, South Queensferry, UK). The time and
Fourier transformed frequency domain impulse response of
the device is presented in Fig. 7. The experimental results

Fig. 3 : Impulse response comparison for a matched and
unmatched case

Fig. 4 : Transmit ring-down time comparison for a 3 and 4 layer
design

Fig. 5 : Effect of backing material on transducer ring-down time:
(left) Frequency and (right) time domain pulse-echo
impulse response simulations

Fig. 6 : (Top) Schematic of the sensor housing and (Bottom)
finished prototype device
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Appendix I : (a) Active piezoelectric composite properties

Ceramic Epoxy Frequency
parameters

Ceramic Material: Volume fraction: Electrical
PZT-5H 50% resonance:

~762kHz

Dimension: Epoxy Material: Mechanical
30mm x 30mm CY1301 resonance: ~1MHz
Transducer Impedance:
thickness: 1.9mm 16.52MRayl

Appendix I : (b) Matching layer material properties used in
manufacture

Acoustic Density Longitudinal Thickness
Impedance Velocity

(MRayl) (Kg/m3) (m/s) (mm)

Layer 1 13.65 8476 1610 0.75

Layer 2 6.76 4811 1405 0.5

Layer 3 2.59 1177 2201 0.78
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indicate clearly that the resulting transducer has a flat impulse
response extending between ~350 kHz to ~1100 kHz, and
compare reasonably well with the approximate analytical
model predictions, especially in identifying the peaks in the
device response. However, the peak amplitude does not
match well, and this is due to the accuracy of the damping
model used for simulation purposes.

Conclusions

Simulated (using an approximate analytical linear
systems model) device characteristics for a widely used
thickness mode transducer configuration is presented.
Modelling to study various designs and the effect of backing
layers, matching layers, on the device operational
characteristics was also presented. Device fractional
bandwidths around 80% are demonstrated, for nominal 1MHz
thickness mode transducer design for water coupled NDE
applications. Experimental results compare well with the
simulation predictions, indicating this approach is valuable
to design and fabricate conventional thickness-mode
piezoelectric transducers to satisfy specific application
requirements.

Fig. 7 : Pulse-echo experimental results


