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Abstract— Miniaturized ultrasonic (ultrasound) 
transducers have been widely used for ultrasound 
systems that provide higher spatial resolutions. In 
particular, the intravascular/intracardiac imaging 
technique requires that the ultrasonic transducer 
has a diameter of 2 mm or less. Miniaturized 
ultrasonic transducers typically have very low 
sensitivity and bandwidth of echo signals. 
Therefore, the performance optimization of 
ultrasonic transducers has been a critical issue to 
improve the image quality of the echo signals.  In 
this review article, the development of the medical 
miniaturized ultrasonic transducer is reviewed 
and discussed. 
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I. INTRODUCTION 

Medical ultrasound imaging/therapeutic systems 
have been widely used for the diagnostic and 
treatment of lung, heart, skin, endoscopy, and 
intravascular, and cancer [1-4]. In particular, skin, eye, 
intracardiac, and intravascular application parts are 
suitable for high frequency ultrasound imaging 
applications owing to their higher spatial resolutions 
with relatively low penetration depth compared to low 
frequency ultrasound imaging applications [1].  

Ultrasonic transducers are one of the most crucial 
components of ultrasound imaging/therapeutic 
systems that determine the quality and sensitivity of 
the returned echo signals from the targets [5]. The 
pulse-echo mode is one of the several evaluation 
modes that is similar to the electronic radar system [1]. 
The operating mechanisms of the pulse-echo mode 
are as follows: ultrasound pulses are generated from 
the ultrasonic transducers and are sent toward the 
desired targets: the reflected echo waveforms are 
detected by the ultrasonic transducers to produce 
structured images [5]. The color Doppler method 
provides real-time imaging, which has become a 
widely accepted diagnostic tool [6, 7]. In ultrasound 
imaging methods, a single-element transducer is used 
with a mechanical motor, or an array transducer with 
an electronic scanning method is used for a wide angle 
point-of-view [5]. 

II. METHOD

A. Transducer design 

he high-resolution ultrasound machines for skin and 
eye imaging and the therapeutic ultrasound machine 
for prostate cancer treatment were developed by 
Longport and Sonacare Medical, respectively [8, 9]. 
These ultrasound imaging and therapeutic machines 
include ultrasound probes which contain imaging or 
high intensity focused ultrasonic transducers including 
electrical matching circuits and coaxial cables [8, 9]. 
Large electrical impedance mismatches between 
piezoelectric materials and system electronics are 
required to use an electrical impedance matching 
circuit inside commercial ultrasound probes [5]. The 
size of the piezoelectric materials, the main 
components of the ultrasonic transducers, is assumed 
to reduce while the operating frequency of the 
ultrasound transducer increases [10]. Therefore, 
several design issues, such as crosstalk, acoustic 
impedance, coupling coefficient, and insertion loss, 
must be carefully considered for performance 
optimization [11]. 

The various design parameters of the ultrasonic 
transducers, such as material, size, weight, thickness, 
and shape, could affect the acoustic parameter 
performances of the transducers, including their 
acoustic impedance, electromechanical coupling 
coefficient, and temperature variation [12, 13]. 

The tradeoff of the ultrasonic transducer design 
parameters enables validation of appropriate 
performances. For example, lead zirconate titanate 
provides a high electromechanical coupling coefficient 
(0.55), low Curie temperature (190 °C), and acoustic 
impedance (30 MRayls); therefore, it is suitable for 
high-performance imaging array applications [5]. 
Lithium niobate (LiNbO3) crystal has a high Curie 
temperature (1150 °C); therefore, it can be used for 
high temperature applications such as detection of the 
heated steam in a nuclear power plant [5]. 
Polyvinylidene fluoride piezoelectric polymer provides 
a very low electromechanical coupling coefficient (0.13) 
but a very low acoustic impedance with flexible shapes 
[14]. Therefore, it can provide inherently wider 
bandwidth and is more suitable for the tactile sensor to 
measure the biological stimulation [15]. 

The space of miniaturized ultrasound transducers is 
typically limited owing to their small structure size, like 
a blood vessel wall, such that the performance 
optimization is hardly achieved [16]. In particular, a 
two-dimensional matrix array probe requires very thin 
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transducers with cables [17]. For example, the small 
size of the piezoelectric material provides very low 
sensitivity because of its low breakdown voltage. 
Therefore, the dynamic level of the receiver electronics 
may typically be required to be very high (~120 dB) to 
receive a low amplitude level of the returned echo 
signal [5].  

To achieve adequate echo signal sensitivity, it is 
important to consider the piezoelectric and matching 
material selection and electronics design. Therefore, 
the transducer equivalent circuit models, such as the 
KLM (Krimholtz, Leadom, and Mettaei), Mason, and 
Butterworth Van-Dyke (BVD) equivalent circuit models, 
were introduced to predict the transducer 
performances with the ultrasound systems [18]. The 
KLM and Mason models cannot be integrated with the 
electronics model as they both have negative 
capacitance values [19]. Fig. 1 shows the Mason 
model for a single element transducer [19]. The 
mechanical loading medium has two acoustic ports, 
one at the back and the other at the front, using 
mechanical ports 1 and 2 and Z-parameters. The 
electrical port has a transformer of the ratio 1:n and 
clamping capacitors (C0 and –C0). In the electrical port, 
there is a negative capacitance (–C0), as shown in Fig. 
1. Therefore, it is not practical to integrate this model 
with real electronics devices for performance 
estimation because the capacitance values are always 
positive. 

 

Fig. 1. Mason model [19]. 

The BVD model may be preferable when the 
electronic model is simulated with the transducer 
equivalent circuit model, because it can be easily 
implemented by lumped resistor-inductor-capacitor 
(RLC) components [19]. Fig. 2 shows the BVD model 
for the ultrasonic transducer that has four elements: 
resistor (R), capacitor (C), inductor (L), and a clamping 
capacitor (C0) [19]. 

 

Fig. 2. BVD model [19]. 

Using finite element analysis, which uses material 
property and two commercial software, such as 
PiezoCAD (Sonic Concepts, Bothell, WA) and PZFLEX 
(Weidlinger Associates, Inc., Los Altos, CA), the 
coupling influence of the piezoelectric, matching, and 
backing materials in the ultrasonic transducers can be 
investigated to predict acoustic performances, such as 
sensitivity, depth of focus, echo magnitude, and 
bandwidth, before transducer fabrication [20, 21]. 

Fig. 3 shows the pulse-echo responses with the 
bandwidth modeled by the PiezoCAD software [22]. 
This program is typically used to model single-element 
transducers. With several material parameters, 
including width, length, thickness, and weight of the 
backing, matching, and piezoelectric materials, the 
simulated performances, such as pulse-echo 
waveform patterns and electrical impedances, could 
be predicted [23]. 

 

Fig. 3. Simulated pulse-echo responses (Courtesy: Sonic Concepts) 

[22]. 

Fig. 4 shows the beam pattern distribution of the array 
transducer elements generated by the PZFlex software 
[24]. This software is useful to model single and array 
transducers for various performances, such as the 
axial and lateral resolutions, depth of focus, and beam 
radiation patterns of the transmitted ultrasound and 
received echo signal generated by the ultrasonic 
transducers [25]. 

 

Fig. 4. PZFlex software (Courtesy: Weidlinger Associates Inc.) 
[24]. 
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The Field II program was developed by a research 
lab of the Technical University of Denmark and 
programed by the MATLAB program [26]. This 
software is useful for calculating the echo signal 
radiation pattern and for predicting beam 
characteristics and profiles of ultrasonic transducers 
[27]. Fig. 5 shows the mathematical model of the linear 
array transducer in the Field II user’s guide [28]. This 
model is shown to apodize the individual transducer 
elements [28]. 

Nondestructive testing applications are required to 
obtain high sensitivity and low bandwidth; medical 
imaging applications typically need relatively high 
sensitivity and broad bandwidth [29, 30]. Based on the 
applications, ultrasound transducers must be properly 
designed with the materials and shapes mentioned. 

 

Fig. 5. Mathematical model for the linear array transducer [28]. 

B. Systems 

Ultrasound systems are electronic systems that can 
control the transducer and process the data. Fig. 6 
illustrates an ultrasound front-end system developed 
by Analog devices [31]. This block diagram also 
illustrates the signal path between the transducer and 
ultrasound systems. 

 

Fig. 6. Ultrasound front-end system (Courtesy: Analog Devices.) [31] 

The cables used to connect the ultrasound 
transducer array into the system are one of the most 
expensive devices [31]. The performances of the high 
frequency ultrasonic transducers are even critically 
dependent on the length of the cables [1]. Therefore, 
cable size optimization is a very important issue for the 
performance improvement of the ultrasound 
transducers. To determine the cable size, the network 
analyzer and time domain reflectometry machines can 
be used for high voltage pulse transmission and low 
voltage echo signal detection [32]. Using the network 
analyzer, the small signal reflection and transmission 
could be measured and the large signal pulse was 
analyzed using time domain reflectometry [32]. 

Typically, electrical matching circuits between the 
ultrasound transducer and electronic systems should 
be utilized to reduce signal distortions and reflection of 
the ultrasound pulse and echo signals [1]. For 
intravascular imaging applications, the core size of the 
tool should be less than 2 mm, such that a multiplexer 
must be used to limit the number of cables [17]. Owing 
to the small space inside the catheters, the total cable 
size is limited and channel isolation between the 
transducer elements must be considered in the design 
level [33]. The long cable between the systems and 
the transducers must be used such that the high 
voltage pulse and low voltage echo signal distortions 
caused by the long-size cable are typically generated 
[33]. 

III. CONCLUSION 

This review paper introduces miniaturized 
ultrasonic (ultrasound) transducers with several 
aspects on transducer design and systems. Ultrasonic 
transducers are one of the most important devices 
affecting the signal quality in ultrasound systems. 
Particularly, miniaturized ultrasonic transducers have 
recently been highlighted with various high frequency 
ultrasound applications, such as intravascular and 
intracardiac imaging. The design of the miniaturized 
ultrasound transducer must be carefully considered for 
performance optimization. To estimate the 
performances of the ultrasonic transducer, the 
equivalent circuit models of the transducer, such as 
the KLM, Mason, and BVD models, were introduced. 
Based on these equivalent circuit models, the 
PiezoCAD, PZFLEX, and Field II software can be used 
to estimate the performances of the ultrasonic 
transducers. In the system level, the effects of the 
coaxial cables must be considered to optimize the 
performances of ultrasound systems. 
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