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Abstract - The design of a high-performance ultrasound transducer
ultimately plays an important role in determining the quality of the
image. The simulation based COMSOL Multiphysics (Finite Element
Model -FEM) is the most powerful and accurate tool available for this
application. The electrical impedance, the transducer center frequency
and relative bandwidth of the ultrasound transducer is simulated by
using FEM model, and then compared to XTRANS. The key point of
the study is that the results between simulation 1D analysis with
XTRANS and 2D analysis with FEM model need to be well in
agreement to get more reliable, repeatable, and consistent results.
Moreover, matching layer thickness of transducer will be set up and
changed to survey its influence on the electrical impedance, the center
frequency and relative bandwidth of the ultrasound transducer.
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1. Introduction

Medical ultrasound imaging application is well
developed due to the improvement of its resolution and low
price compared with computed tomography and magnetic
resonance imaging [1]. The differences in acoustic
properties of different types of tissue allow the scanner to
generate an image of a part of the body, based on echo
signals. Lead Zirconate Titanate (PZT) is commonly used
as active material for ultrasound technology due to its high
electromechanical coupling factor and sensitivity [2].
Therefore, PZT material is used as piezoelectric active
layer in this design of ultrasound transducer for medical
applications. The center frequency is designed to be around
5.2 MHz. In order to have a good sensitivity, the design is
added by backing and matching layer.

Indeed, ultrasonic transducers are difficult to
characterize, since they are complex electromechanical
devices that convert electrical into acoustical energy and
vice versa. The electrical impedance, transducer center
frequency, bandwidth and the sensitivity are ones of the
key paramaters related to the performance of a medical
ultrasound transducer [3]. In this paper, these parameters
will be studied by using COMSOL Multiphysics (Finite
Element Model -FEM) and XTRANS program. Moreover,
Transducer with two matching layers and without
matching layer will be also applied to the model to survey
the change in the centre frequency as well as operating
bandwidth. All simulations are the most powerful and
accurate tool available to characterize and optimize these
parameters of Ultrasound Transducers.

2. Device structure and simulation method
2.1. Design of ultrasound transducer structure
The structure of the design is shown in Figure 1. It

Tom tat - Thiét ké mot dau do siéu am cb cong suét Ién déng mot
vai tro cuc ky quan trong trong xac dinh chét lwgng hinh anh siéu am
trong linh vwc y hoc. Phdn mém COMSOL Multiphysics (Finite
Element Model-FEM) la mét cong cu manh va cho két qua chinh xac
trong mé phéng dau do siéu am. Tré khang dién, tan sb trung tam
va bang théng hoat déng clia dau do siéu am dwoc mo phéng bang
ma hinh phan t&r hitu han FEM (2D), sau d6 so sanh két qua véi mo
phéng béng ph&n mém XTRANS (1D). Diém nbi bat clia bai bao nay
la két qua moé phéng tr hai phan mém trén cé sai sb rat nhd. Thém
vao d6, do day I&p ghép trong cAu trlic clia dau do siéu am sé duoc
thay déi dé khao sat sy anh huéng clia chung I1én cac thong s6 ky
thuat clia dau do nhu tré khang dién, tan sé trung tam va béng théng
hoat déng cling dwgc nghién clru va trinh bay.

T khéa - FEM; XTRANS; dau do siéu am; COMSOL; &p dién.

consists of a layer’s piezoelectric material which is
embedded between two electrodes layers. Two matching
layers are used in the model to have further broad bandwidth
of the transducer. The transducer works in the environment
which is represented as load in the model. A light backing
layer is used to absorb the energy so that there will be no
reflection wave. The area of transducer is set to be 75mm?.
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Figure 1. Structure of Transducer.

The used materials for the model are shown in Table 1.
Gold is commonly used as electrode in MEMS technology
due to their high electric conductivity and their chemical
inertia. Acoustic backing and matching layers are essential
for high performance ultrasound transducers owing to the
large impedance mismatch between the piezoelectric
element and tissue [4]. In order to understand the effect of
backing and matching layers of a transducer, a schema of
transmit pulse is shown in Figure 2. With a PZT transducer
with no backing and matching layers, the generated pulse
transmit has a long ring down time [5]. The design provides
a good sensitivity but the solution is poor. By adding a
backing layer to the transducer, the ringing decreases and
the sensitivity of this design also decreases. The introducing
matching layers improve the energy transfer efficiency in the
forward direction. As a result, the ring down time is short
and the sensitivity of beam is good. Widening the bandwidth
of transducers by introducing quarter wavelength matching
layers to the piezoelectric ceramic may result in a reduction
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in sensitivity [6]. It is shown that constructive reinforcement
of acoustic waves will occur when the thickness of the
matching layer is A/4 [7].
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Figure 2. Schematics show the effect of the backing and
matching layer impedance on transmit pulse sensitivity and
the ring down time [5]

Table 1. Materials used in the model [1], [3]

. Wave
Thickness . Impedance - Q
Layer [mm] Materials [MRayls] velocity factor
[m/s]
Loading - Water 15 1500[1] | 1000
. Sliver
Matching 1 | 0.14844 7.3 1900 313
g epoxy-pp
. Poly
Matching 2 | 0.21046 241 2740 62.6
Propylene
Electrode 0.002 Au 62.5 3240 | 1000
Piezoelectric| 0.368 |PZT5A [2] 33.7 4350 75
. Esolder
Baking - 3022 5.92 1850 4

For short impulse response and broad bandwidth,
ultrasonic transducers are designed with one or two
matching layers in the front of PZT to transfer a maximum
power from a generator to a load. The basic physics are
borrowed from transmission line theory, where n stages of
transmission line sections of varying impedances, each
quarter wavelength long, are used to match the generator
to a load. In the acoustic analog, the acoustic impedance is
used, and the transmission line sections become matching
layers of intermediate impedance values between PZT and
water. The thickness dimension is nominally one-quarter
of the wavelength at the centre.

This design uses two different matching layers. The
choice of matching layers needs to be considered based on
acoustic impedance of piezoelectric material and the
impedance of the load medium. The ideal acoustic
impedances of the first Zy1 and second Zn, are calculated
in the following equations as shown in Table 2:

Table 2. Acoustic impedance calculation of matching layers

Layer Equation Impedance [MRayls]
Matching Layer 1 Z,MZ87 8.879
Matching Layer 2 ZMzZ)87 2.339

where Z, and Z are the acoustic impedance of the
piezoelectric material and the load medium. From the

calculation, the silver epoxy-pp with impedance 7.3 MRayls
and Poly Propylene with impedance 2.41 MRayls are chosen
as the matching layer 1 and matching layer 2. The solder
3022 is chosen as a backing material. For medical
application, the acoustic properties of load medium are
considered as water while the objective is to excite and
detect ultrasound in human or animal tissues [10].

The Q factor in this model is calculated from the loss of
materials by the equation [4]:

0= 8Irx f

Oy XC

where f is the excited frequency, ags is the loss of material
at frequency f and c is the wave velocity of the material.

2.2. Characterization of transducer analysis with FEM
simulation

In simulation, the electrical impedance, operated
bandwidth, and the center frequency of two Ultrasound
Transducers, consisting of with and without matching layers
are simulated and compared by using two software programs,
XTRANS and COMSOL Multiphysics [11]. The method in
designing the transducer follows the Mason model of an
acoustic wave propagation. The graphic user interface
XTRANS toolbox is taken as a design and characterisation
toolbox for 1D single element transducer. Then, 2D finite
element models of the transducer with the condition of
voltage and charge driving have been made using COMSOL
software. The analytical model with Xtrans is well
established in transducer modelling. However, it is limited by
being a 1D model. Consequently, the effect of a finite width
of transducer structure is not included. To overcome the
limitation of 1D simulation, the Finite Element Method
(FEM) simulation is done by using COMSOL Multiphysics.
The key point is that the results between simulation 1D
analysis with XTRANS and 2D analysis with COMSOL
Multiphysics need to be well in agreement to get more
reliable, repeatable, and consistent results. COMSOL
Multiphysics is a core tool in this study to perform numerical
simulations. It exists in several versions. In this paper, version
4.4 is applied. One of the key features in this program is the
chance to combine difference physical interfaces. The
Acoustic-Piezoelectric Interaction interface is applied; this
couples the acoustic wave equation with the governing partial
differential equation (PDES) in structural mechanics.

All domains in the model are meshed as free tetrahedral,
with adequate minimum element dimensions which are
displayed in Table 3. This permits a good compromise
between computational time and accurate results.

Table 3. Mesh used in the model

Layer Mesh
Water water_lambda/10
Matching ML1_lambda/20
Electrodes electrode_lambda/20
Piezoelectric piezo_lambda/20
Backing back_lambda/20

Table 4 that lists all expressions is used to calculate the
impedance of transducer in COMSOL Multiphysics, where
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intopl means it is integrating magnetic field strength over
the boundary of upper PZT surface.

Table 4. Electrical impendence expressions

Name Expression Unit
Ipiezo 2*pi*intopl(r*acpz.nJ) A
Zepiezo Piezo/Ipiezo Q
Zepiezo_r real(Vpiezo/Ipiezo) Q
Zepiezo_i imag(Vpiezo/lpiezo) Q
Zepiezo_mag abs(Zepiezo) Q

Zepiezo_phase arg(Zepiezo)*(180/pi) Rad

3. Results and discussion

Here the results obtained from the FEM models and
XTRANS are presented. The time for complete simulation
is approximately only 10min (on a Dell V5470
workstation, 16GB).

3.1. Electrical Impedance of Transducers

The results of the 2D FEM simulations for the electrical
impedance of Transducer are shown in Figure 3. The
results of the analytical 1D are plotted in the same graph
for comparison. It is shown that there is a good agreement
between the analytical model and the FEM simulation.
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Figure 3. Comparison of 1D and 2D simulation
of the electrical impedance

A frequency response analysis is performed, from 0 Hz
to 10 MHz. The resonance frequency of transducers is
around 5.2 MHz. Both first thickness vibration mode
(around 5.2 MHz) and radial vibration mode (from 1 KHz
up to 2 MHz) can be recognized. For this radial mode, the
direction of vibration is oriented orthogonal to the direction
of polarization. The diameter in the direction of
propagation of this mode is much greater than its thickness.
Since the resonance frequency depends on the diameter of
transducer, hence a large length implies a low resonant
frequency drive. For this thickness mode, the vibration is
oriented along the direction of polarization. The resonant
frequency depends on the thickness of the device;

therefore, a thin plate implies a high frequency drive.

Figure 4 corresponds to the piezoelectric ultrasound
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transducer with and without two matching layers under the
voltage and charge driving condition. The electrical impedance
Z of transducer is calculated by Comsol with relation:

|4 vV

1~ [JjdaA

where V, I, A correspond to applied voltage, induced
current and area of the electrode.
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Figure 4. 2D FEM and 1D model response of 5.2 MHz
transducer without and with matching layers

3.2. The center frequency and relative bandwidth of
Transducer

Bandwidth is one of the key parameters related to the
performance of the medical ultrasonic transducers [3]. The
study of electro-acoustic transfer function is done by one-
dimensional analysis based on Mason model using the 2D
FEM model. After that these results are compared to Matlab-
based package Xtrans. The plot of amplitude of transfer
function is shown in Figure 5. From the plot of transfer
function amplitude, the achieved -3dB bandwidth of the design
is from 3.125MHz to 5.9MHz with the center frequency of
5.2MHz which can be said 53% relative bandwidth.
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Figure 5. Comparison of 1D and 2D simulation
of the transfer function

The Figure presents a fairly agreement (shape, center
frequency and bandwidth) between the amplitude plots of
transfer response obtained from 2D and 1D model. The
response exhibits a large number of ripples and even
significant peaks and at some frequencies both in and out
of the band. These ripples are probably caused by lateral
effect of sound waves resulting from the finite lateral
dimensions, which may occur either inside an element or
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cross coupling between elements.

It is noted that the transfer function Hy is calculated by
Comsol with equation:

where vy is normal velocity of the acoustic wave at the
contact surface between transducer and load.

Figure 6 illustrates the comparison between two models
without and with matching layers. The blue line represents
no matching and red one two matching layers. Obviously,
although the blue and red line have the same magnitude at
most of these frequency ranges (from 4 MHz to 7 MHz), the
differences are also found at relative bandwidth.
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Figure 6. The transfer function for transducer without matching
(the blue line) and matching layers (the red one)
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Figure 7. 2D FEM cutting of wave propagation in tissue medium
at 0.85 MHz and 5.25 MHz by voltage driven Transducer

From Figure 6, it could be seen that the relative

bandwidth of transducer without matching layers is
approximately 27% (-3db bandwidth from 4.5 MHz to 5.9
MHz), much lower than one with matching layers.

The shape of acoustic wave propagation at this resonant
frequency is shown in Figure 7a. However, while in 1D
model, the transfer function seems to be smooth for the
whole observed frequency range, the transfer function of 2
D FEM model in charge and voltage control is not only
rough but there also exist voltage of some local resonance
and anti-resonance points. These unexpected resonant
frequency, i.e. in case of voltage driving condition is
around 0.85 MHz and has a wave shape in Figure 7b.

4. Conclusion

The design and analysis based on FEM model with PZT
as the active layer transducer has been presented. The design
uses one backing layer and two matching layer to achieve a
good sensitivity as well as the relative bandwidth. The
simulated values of 1D simulation with Xtrans and 2D
simulation with COMSOL Multiphysics agree to most of the
values with small error in these parameters. Thus, the models
can be validated for further applications. 1D and 2D
simulation indicate that the design has a center frequency
around 5MHz and the relative bandwidth 53%. Many
different designs can be simulated with the material
parameters or geometrical design variables to study the
change in new designs of ultrasound imaging probes.
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