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Ultrasound transducers are typically based on piezoelectric materials, due to their good response at high
frequencies. Depending on the application, ceramics, polymers and composite materials can be used. In
this work, an optimization study of ultrasound transducers for underwater communications is addressed,
focusing on a piston type emitter transducer operating in thickness mode (ds3). The piston is constituted
by an active element disk with optimized dimensions. It is discussed how the acoustic impedance, thick-
ness, resonance frequency and structure affect the transducer performance. This work allows a better
understanding of the emitter transducer characteristics allowing reaching the optimum point of oper-
ation for specific applications. Focusing on underwater communication, the acoustic channel is defined
and the transducer is optimized by finite element computer simulations. The results were compared with
experimental tests, which show that four-layer structures increase up to 16 dB in performance versus
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transducers single-layer.
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1. Introduction

The piezoelectric properties of some materials are one of the
key issues for underwater sound communication developments,
being most of the ultrasound transducers based on piezoelectric
materials. Piezoelectric properties can be found in certain types
of ceramics, polymers and composites, each one of them showing
different characteristics in terms of acoustic impedance, stiffness,
coupling coefficient, piezoelectric and dielectric response. There
are two types of ultrasound transducers: projectors, which convert
electrical energy into mechanical energy and hydrophones, which
perform the opposite conversion [1,2].

Applications of ultrasound transducers range from underwa-
ter sonars [3-5] to medical imaging and biomedical applications
[6]. In the case of sonars, the acoustic signal has low frequency
and can reach several tens of kilometers. On the other hand, med-
ical imaging works with higher frequencies, reaching hundreds of
MHz, with signals reaching just few centimeters. This technology
shows an interesting and useful gap concerning underwater appli-
cations, as there are no specific transducers for wireless broadband
communications [3-14].

This work is focused in projector type ultrasound transduc-
ers with piston architecture. The piston-type transducer generally
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projects the sound into a directional beam, whose directionality
depends on the relationship between its size and the wavelength
of the ultrasound signal. In this study the piston is a piezoelectric
plate, which operates in the thickness mode [2].

The main goal is to develop a transducer that works at fre-
quencies up to 1 MHz, able to communicate at distances up to one
hundred meters. These values were chosen considering underwater
channel characteristics such as sound attenuation and propagation
speed [1,2].

2. Background
2.1. Underwater acoustics channel

The underwater acoustic channel has specific properties that
must be taken into account in order to properly define specific
transducers [2]. In this study the focus is on the propagation
speed and attenuation, being among the most relevant parame-
ters to be considered for underwater communication applications
[7-14].

The propagation speed is required to calculate the propagation
delay and defines the transducer dimensions. The attenuation helps
to understand how the signal travels along the medium. In this way,
the signal amplitude at the receptor can be predicted and the sound
pressure amplitude in the projector adjusted in order to reach the
desired distances.
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Fig. 1. Underwater acoustic channel absorption as function of frequency and dis-
tance.

The sound speed depends on the properties of the propagation
medium (water). The dependence of sound speed on density p and
bulk modulus B of the medium is given by:

B 1
C:\/;: /R (A1)

where c is de sound speed and k=1/B in homogenous liquids and
gases [2,13]. The sound speed in water is influenced by the temper-
ature, salinity and depth such that increasing of any one of these
parameters leads to an increase of sound speed by Eq. (A.2) [15]:

c = 1449.2 + 4.6T — 0.055T? + 0.0029T> + (1.34 — 0.01T)(S — 35)
+0.06D (A2)

where Tis the water temperature, S the salinity in parts per million,
and D is the depth.

Attenuation depends on two factors: distance and frequency,
and is influenced by two major factors: spreading loss and absorp-
tion loss.

A simplified formula to describe the absorption coefficient as a
function of frequency (a(f)) can be obtained from two major mecha-
nisms: viscous absorption (above 100 kHz) and chemical relaxation
(below 100 kHz). The last one is composed by boric acid (up to a few
kHz), and magnesium sulfate (up to 100 kHz). The absorption loss
is given by Eq. (A.3) [16]:

0.106(f1f2 )e(pH—S/O.SG)
- fE+1
+0.00049f2¢~(T/27+D/17) £ _ 0.78

0.52(1 + T/43)(S/35)(fof 2 )e~P/6)
I3+ 52

(5/35)e(T/26) and f,

a(f)

= 42eT/17) (A3)

where pH represents the pH of water and f; and f; are the relaxation
frequencies introduced by boric acid and magnesium sulfate.

Fig. 1 shows a simulation of the absorption (Eq. (A.3)) in a sub-
aquatic acoustic channel for frequencies up to 1 MHz and distance
up to 100m in a fresh water medium with 15°C of temperature,
1 m of depth and pH of 7.

Fig. 1 shows how the sound absorption evolves with increasing
frequency or distance.

The spreading loss results from the dispersion of the acoustic
wave in the medium. In a homogenous and infinitely extended
medium, the energy in the form of an acoustic pressure wave is radi-
ated in a beam of sound with some specific angle. As the total area
of the pressure wave surface increases with distance, the energy
is spread for that area. The intensity of sound is equal to the pres-
sure output power per unit area, decreasing therefore as the wave
moves away from the source [2].

Pa _ Pa

lo=-—, I=-—
0 Aro Ar

(A4)

Min

Fig. 2. 3Drepresentation of the active element plate deformation when excited with
a sine wave signal.

where Ay, is the area at reference distance (1 m), Ay is the area at
distancer, Py is the acoustic power source, Iy is the acoustic intensity
at distance rg and I is the acoustic intensity at distance r.

In this way, it is possible to quantify the decrease in acoustic
signal intensity resulting by signal spreading. The spreading loss
g(r) is equal to:

I A
g(r) =10 logyg [70} =10logq [A—r} (A.5)
r0

and therefore [8]:

af)-r Ar a(f).r
1000 — 1010810 {/TO} * 7000

In this way, the spreading loss just depends on distance and
absorption loss just depends on frequency.

10 logA(f, 1) = g(r) + (A.6)

2.2. Piezoelectric transducer considerations

Piezoelectric materials are commonly used in the fabrication of
ultrasound transducers, once they show very good response at high
frequencies, which can reach up to 160 MHz in the case of polymer
materials [17].

Piezoelectric ultrasound transducers at high frequencies usually
operate in the 33 mode, that is, the deformation along the polar-
ization axis and the excitation electric field point into the same
direction. The free displacement of the material in direction 3, with-
out restraining force and assuming uniform strain over the surface,
is given by:

§=ds3v (A7)

where £ is the free displacement, V is the applied voltage and ds3
is the coupling coefficient in the thickness direction. In most of the
cases, the piezoelectric deformation is not homogenous and linear
as it is typically assumed [1]. In the case of a piston transducer, the
largest deformation occurs at the center of the plate and smoothes
away from the center in an oscillation curve as shown in Fig. 2.

Fig. 2 is the finite element simulation result of a PZT-5H plate
with 4mm of diameter and 55 pm of thickness, excited with a
10V sine wave signal amplitude and a frequency of 10 MHz. The
deformation amplitude is not relevant in this case. The important
information from this simulation is how the active element deforms
when excited with a sine wave signal. This wavy surface do not
generate a homogeneous sound wave, therefore it is essential to
consider this effect to simulate the transducer behavior.

The maximum force the piezoelectric element can apply to a
medium is obtained by [1]:

1
sk = — A8
33 vE (A8)

A
F = d33 th—pu,
p
where SE, is the elastic compliance coefficient, Ay is the area of the
piezoelectric element and the ¢, is the thickness. The deformation
creates a pressure wave in the medium, whose amplitude can be

obtained by [2]:
F=pAp, p=cpnfE (A9)
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Fig. 3. 2D representation of a piston transducer.

where c is sound speed, p is the material density, f is the signal
wave frequency and & is the piezoelectric material displacement.
In order to increase pressure wave amplitude, several piezoelectric
disks in a stack configuration can be used. This configuration allows
multiplying the free displacement by the number of layers, n. In this
case, the strain is given by [18]:

§ =ds3vn (A.10)

Despite this increase in strain, the intensity of the produced
force does not change [1,18,19].

Nevertheless, this approach reveals a problem: by increasing the
number of layers, the electrical capacitance of the transducer also
increases, which in turn represents a decrease of the imaginary part
of the impedance and therefore an increase of the absolute value
of the reactive electrical power.

To properly design ultrasound transducers it is important to
consider the acoustic impedance of materials, in order to minimize
energy losses due to acoustic impedance mismatches [2].

If the acoustic impedance mismatch is very high, the wave is
highly reflected. Therefore, the transducer output must have a
thickness equal to half wave, as it is shown in Fig. 3 [2]. In this way,
the reflected wave will be synchronized with the next pressure
wave cycle. The fundamental resonance frequency can be calcu-
lated from [2]:

fr:ﬂ

where t is the piezoelectric thickness and c is the sound speed. The
harmonics are constituted by odd and even resonance frequencies,
given by:

Joda = (2n+ 1)fy,
foven = (20)fy, n=0,1,2,3,4......

The back layer creates a boundary to reflect most of the pressure
wave and to not allow the active element layer to deform in that
direction. The signal electrode is placed in the interface between
layers in order to reduce electromagnetic interferences by using a
shield connected to the electrical ground [2].

The acoustic beam has a pattern characterized by its divergence
angle, which depends on the transducer diameter and on the wave-
length. The value of half beam divergence angle § for a sound speed
of 1500 m/s (in water) is given by [2]:

s
§ = arcsin (5>

3. Selection of materials

(A11)

n=0,1,2,3,4...... (A12)

(A13)

(A.14)

There are several piezoelectric materials available for ultra-
sound transducers. The most common are the Lead zirconate
titanate (PZT), lead titanate (PT), lead magnesium niobate (PMN)
and lead zinc niobate (PZN) ceramics and polyviylidenefluoride

Table 1
Comparison of some characteristics of PZT and PVDF.
Physical property PZT-5H PVDF
Acoustic impedance (Z) [10° kg/m?s] 33.15 2.7
Resonance frequency (f) [MHz] <25 <160
Piezoelectric coefficient (d33) [10~'2 m/V] 512 -34
Relative dielectric constant (&) 3100 12
Maximum operating temperature [°C] 365 80
A
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Fig. 4. PZT-5H and PVDF responses over 7 cycles, for a frequency (f) range from 0 to
6 times the resonance frequency (fr).

(PVDF) and P(VDF-TrFE) polymers. Single crystals of PZT, PMN and
PZN can also be used [17-30].

This study will focus on PZT-5H ceramic and PVDF polymer,
since these are the most interesting materials for large scale appli-
cations due to their availability and price. The results will be
nevertheless representative for their respective family of materials
(ceramic and polymer piezoelectrics, respectively). Table 1 shows
the main physical properties of these materials for the proposed
application.

The resonance frequencies and the acoustic impedance are
related one another. The sound pressure variation level with fre-
quency depends directly on the acoustic impedance mismatch
between the active element and the medium (water). Over sig-
nal cycles, the reflected sound wave may be added or not to the
next cycle, thus increasing the output level. Eq. (A.15) gives the
transmitted sound wave percentage over n cycles.

n

Sout = Tw ZR‘%‘," x sin (27f +n x Dp)
i=0

(A.15)

Sout is the sound wave output percentage over n cycles, T,y is the
percentage transmitted sound wave intensity, Ry, is the percent-
age reflected sound wave intensity and D, is the delay of the
reflected sound wave, introduced by the active element thickness.
Table 1 shows the reflected and transmitted sound wave percent-
ages in water (with a water acoustic impedance of approximated
1.5 x 10° kg/m?2s), for PZT and PVDF.

Fig. 4 is obtained by the incorporation of Table 2 values in to Eq.
(A.15), which results in percentage level of the transmitted sound
wave intensity to the medium over 7 cycles of a sine wave signal,

Table 2
Reflected and transmitted sound wave percentages in water, produced by PZT and
PVDF.

Material Reflected Transmitted
PZT-5H 91.3% 8.7%
PVDF 28.7% 71.3%

Please cite this article in press as: M. Martins, et al., Optimization of piezoelectric ultrasound emitter transducers for underwater communications,
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Fig. 5. Sound wave created by PVDF and PZT-5H transducer with 1 MHz sine wave signal over 20 cycles.
as shown in Fig. 5, since after these 7 cycles the sound wave output 80, B
intensity begins to stabilize. It is possible to observe the resonance, | R
resonance harmonics and anti-resonance frequencies points from PVDF
OHz to 6 times the resonance frequency to a certain transducer 60
thickness and material [2].
As it can be seen in Fig. 4, the percentage level of the sound 9
power output over the frequencies shows a very low flotation to < 40 -
the PVDF, when compared with PZT-5H. §
With the increasing of the reflected sound wave inside the trans- i p—
ducer, increases the time necessary to reach the maximum output 20 -
power at the resonance frequency and it is created a sound wave 10 ‘ ‘ ‘
where the amplitude shows growth, therefore deforming the sig- 0 0.02 0.04 0.06 0.08 0.1 0.12
nal. The opposite effect happens when it is shut down the excitation Frequency(f/fr)

signal to the transducer where the sound wave amplitude shows a
decreasing; this oscillation is caused by the remaining sound wave
power inside the transducer. Fig. 5 shows the sound wave created
by a sine wave signal over 20 cycles of 1 MHz signal using trans-
ducers of PVDF and PZT-5H with the same dimensions and in a
resonance thickness.

As it is possible to observe in Fig. 5, the sound wave generated
by the PVDF transducer has a more uniform signal than the sound
wave generated by transducer PZT-5H. If we consider the results
shown in Figs. 4 and 5, it can be concluded that, for a transducer
operating in broad band of frequencies, PVDF shows more promis-
ing results. But in order to optimize other types of materials and
reduce the output flotation, two solutions can be implemented. In
the first solution the operating frequencies are restricted to inte-
ger multiples of the resonance frequency. The second solution it is
basically a transducer designed for very high f-, which operates with
frequencies much lower than f;. The second solution will be used
to compare PVDF and PZT performances. Fig. 6 shows the transmit-
ted coefficient percentage level of the sound power for frequencies
up to 0.1fr in PVDF and 0.05fr in PZT. Therefore, the sound level
attenuation is below 3 dB.

Despite the better performance of PVDF in a wider band of
frequencies, its d33 coupling is 15 times lower than PZT-5H. This
drawback can be overcome by implementing multilayer structures
[1,17-20].

Three different transducers were tested: PVDF and PZT-5H
transducers with a single layer of 110 wm thicknesses and 1 cm of
diameter and a PVDF transducer with four layers of 28 um thickness
and 1cm diameter. The transducer of 110 wm thickness of PVDF
has a resonance frequency of 10 MHz, the PZT-5H transducer of
the same thickness has a resonance frequency of 20 MHz, and the

Fig. 6. PVDF and PZT-5H sound level response over 7 cycles below 0.11fr.

transducer with four layers of PVDF has a resonance frequency of
10 MHz. So, if frequencies below 1 MHz are used, the transmission
coefficient ratios of the sound power level do not show signifi-
cant flotation. The tests were performed at a frequency band from
100 kHz to 2 MHz.

4. Transducer design and fabrication

The single layer transducers have the structure represented in
Fig. 3, where the active element has 110 wm of thickness and 1 cm
of diameter. The multilayer one has the structure shown in Fig. 7,
where the active element has four layers of 28 p.m of thickness and
1 cm of diameter. The electrodes connections, as shown in Fig. 7,
allow removing the parasite capacitance between the electrodes
and the glue. By bonding reversed polarization layers, the elec-
trodes between the glue have the same electrical potential, and

AN

Gold Electrodes

A

Signal
Gold Electrodes GND PVDI \ o
PVDF
Exopy Resin VDF \1
/— PVDF

PVDF

Fig. 7. 2D representation of the active element multilayer structure.
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Fig. 8. Final transducer set up.

there is no current between them and consequently reduce the
power consumption once the parasite capacitance was disabled.
The Gold electrodes with 10 mm circular shape were deposited
by sputtering in both sides of the film, with a Polaron SC502 sputter
coater. The four layers of the transducer were then glued with an
epoxy resin Devcon 5 minute®, in a compression press. Finally, the
active element was glued to a stainless steel mass and the active
element outside surface was isolated with a thin silicone layer to
protect it from water. Fig. 8 shows a picture of the final device.

5. Simulation and experimental setup

In order to compare the behavior of PZT-5H with PVDF single and
multiple layers, the mechanical and electrical proprieties of each
transducer were theoretically calculated; a computational simula-
tion was performed and, finally, experiments in a water tank were
conducted.

To a better understanding of the comparative performance
between the single-layer PZT, four-layer PVDF and the single-layer
PVDF (reference), the relative performance graphics between two
transducers and the reference are obtained from the following
equation:

p
20 lo ——
&10 <Pref>

where p is the measured transducer pressure wave and p,s is the
reference transducer pressure wave.

(A.16)

5.1. Simulations

The transducers performance for the PZT-5H with PVDF single
and multiple layers were previous simulated. The finite element
platform used was the Comsol Multiphysics in a 2D symmetric
plane with the models Piezo Strain Plane for the active element
actuation and the model Pressure Acoustic for the pressure waves.
The simulations setup is the same for all transducers, where only
the active element is replaced. The outside boundaries of the
medium were configured as match boundaries to work as absorbers,
removing all the echoes. The selected mesh has particles with tri-
angular shape and a size of 10% of the wavelength. With this mesh
the results of all simulations have 10 samples for each wavelength
regardless the frequency of simulation signal.

The simulations were performed with the following settings:
fresh water as propagation medium, 20 °C of temperature and sine
wave excitation signal with 10V of amplitude. The measurements
were taken 3 cm away from the transducer in order to ensure that
the measurement is not taking place inside the near field of the
sound beam where there is some turbulence.

5.2. Experimental

The real trails were implemented with the same conditions
as the simulations: fresh water as propagation medium, 20°C
of temperature, 10V sine wave excitation signal and a distance
of 3cm. The experimental setup consisted in a water tank with
1.2m x 0.5m x 0.4 m (length, width, height). With these dimen-
sions echoes occurs very easily and the hydrophone surface work as
sound reflector. It was not suitable the elimination of echoes, but it
was possible to ensure the same settings for the three transducers
tested.

The ultrasonic receptor, used to register the pressure waves,
was the Cetacean Research™ (304XR hydrophone, with an effec-
tive sensibility of 181dB, re 1V/wPa and a usable range of
0.005-2000 kHz.

6. Simulations and experimental tests

Before the simulations and experimental tests were carried
out, it was necessary to analyze the potential transducers behav-
ior. An ideal system was considered using the equations referred
above, where the active element has a homogeneous displacement.
Table 3 shows the materials features and output response analysis
of the three transducers (PZT-5H 110 pm, PVDF 110 pwm and PVDF
4 x 28 pm).

It is important to notice that, by dividing the active element
into layers without changing its final thickness, the maximum fre-
quency does not change, but the equivalent excitation voltage, free
displacement and maximum applied force are multiplied by the
number of layers. If the active element thickness is not divided
according the number of layers, the multi structure transducer was
not able to achieve the same single layer maximum frequency, once
the maximum applied force remains the same but the free displace-
ment is multiplied by the number of layers. In the four-layer case,
the expected performance increases 12.04 dB, for PZT the expected
increase in performance is 23.56 dB.

6.1. Simulations

A transducer 2D model was designed and simulated for each
topologies described in Section 4 “Transducer Design and Fabrica-
tion” and Section 5 “Simulation and Experimental Setup”.

To better understand the difference of performance among the
three topologies, Fig. 9 shows the simulated relative performance
according equation Eq. (A.16) between single-layer PZT versus
single-layer PVDF, four-layer PVDF versus single-layer PVDF and
expected values, respectively.

Analyzing Fig. 9 it was possible to observe that the ratio of
PZT versus PVDF performance is slightly below than the expected
value and the four-layer PVDF versus single-layer PVDF perfor-
mance match the expected values with the exception of values to
frequencies above 1.6 MHz where the graphic shows a performance
growth. This growth results from the fact that multilayer structures
with thinner layers will have different mechanical, morphological
and structural characteristics [17-30].

Please cite this article in press as: M. Martins, et al., Optimization of piezoelectric ultrasound emitter transducers for underwater communications,
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PZT-5H 110 wm, PVDF 110 pwm and PVDF 4 x 28 wm analysis considering homogeneous displacements.

Feature PZT 110 pm PVDF 110 pm PVDF 4 x 28 pum
Thickness (m) 1.10E-04 1.10E-04 2.80E-05
Resonance frequency (Hz) 2.00E+07 1.02E+07 1.00E+07
Sound speed (m/s) 4.40E+03 2.25E+03 2.25E+03
Density (kg/m3) 7.50E+03 1.47E+03 1.47E+03
ds3 (C/N) 5.12E-10 3.40E-11 3.40E-11
St (1/Pa) 2.07E-11 4.72E-10 4.72E-10
Number of layers 1 1 4
Electrical potential (V) 10 10 10

Free displacement (m) 5.12E-09 3.40E-10 1.36E-09
Max applied force (N) 1.77E+02 5.14E-01 2.02E+00
Max frequency (Hz) 4.66E+07 2.04E+06 2.01E+06
Test frequency (Hz) 1.00E+06 1.00E+06 1.00E+06
Transmitted wave percentage at 1 MHz (%) 32% 76% 78%
Expected performance versus PVDF single layer (dB) 21.92 - 12.19

=*=Simulated PZT vs PVDF =*=Simulated 4x28 PVDF vs PVDF

*****Expected PZT vs PVDF = “Expected 4x28 PVDF vs PVDF

dB

1.5E+06

1
1E+00 5E+05 1E+06 2E+06

Frequency (Hz)

Fig. 9. Simulations performance improvement results of PZT versus single-layer
PVDF, four-layers PVDF versus single-layer PVDF and expected values, respectively.

6.2. Experimental

Fig. 10 shows the experimental pressure wave measurements,
where it is possible to observe the behavior of the three transducers
over frequency.

In Fig. 10 it is possible to observe two peaks in the three trans-
ducer measurements: one at 400 kHz and the other at 800 kHz.
These peaks are due to a set of features of the experimental setup.
By considering Eq. (A.14) it is possible to understand that, at low
frequencies, the emitter presents a pattern with a wide divergence
angle and, to these frequencies, the signal is emitted to the sides,
where it is rebound back to the receiver. At higher frequencies the
signal has a more directional pattern which prevents side echoes.
Considering all these facts together, the peaks are the result of
the tank resonance signal. Another fact that helps to conclude that
these peaks do not result from the transducer but from the exper-
imental setup is the graphics shown in Fig. 12, where it is possible
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Fig. 10. Pressure wave responses over frequency of single layer PZT (left axis), four
layer PVDF (left axis) and single layer PVDF (right axis).
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Fig. 11. Performance results of four-layers PVDF versus single-layer.

to observe that the electric current consumption over frequencies
does not show any type of flotation, typical of the resonance har-
monics and anti-resonance points.

Fig. 11 shows the relative performance results from the tank
experiments according to Eq. (A.16) among single-layer PZT versus
single-layer PVDF, four-layer PVDF versus single-layer PVDF and
expected values, respectively.

In the PZT results shown in Fig. 11, not considering the initial
peak, the results are very similar to the simulations results and
shown an average performance of 20 dB versus single layer PVDF.
However, in the four-layer PVDF case, the results are more inter-
esting and can be divided in two parts. In the first part, between
100kHz and 1 MHz, the results are far below of the expected val-
ues, although show a continuous growth beginning at 100 kHz with
3 dBand reaching the 14.2 dB at 1 MHz. In the second part, between
1 MHz and 2 MHz, the growth rate slows down and, at 2 MHz, shows
a performance improvement of 16 dB.

It is possible to increase the transducer performance using mul-
tilayers, but this optimization has increases energy consumption as
shown in Fig. 12.
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Fig. 12. Electric current consumption over frequency to PZT 110 um (left scale),
PVDF 4 x 28 wm (left scale) and PVDF 110 pm (right scale).
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Fig. 13. Electric current consumption per Pascal of single layer PZT (left axis), four-
layer PVDF (left axis) and single layer PVDF (right axis).

The results shown in Fig. 12 allow visualizing the electric current
consumption and they are according to theoretical analysis where
the electrical current is directly proportional to the frequency. The
PZT electric current consumption is 87 times higher than single-
layer PVDF duo to the high values of PZT relative dielectric constant.
However the four-layer PVDF only shows 16.7 times more elec-
tric current consumption than single-layer PVDF and this occurs
due to two factors: there is 4 times more effective area in the
four-layer transducer and the distance between electrodes it is 4
times lower. It is possible to reduce the electric current consump-
tion by increasing the film thickness but it is important to consider
the effect that this change will introduce in the transducer per-
formance. According to Eq. (A.8), the resultant force decline with
increasing thickness. Another way to reduce the electric current
consumption is to reduce the transducer area but this change will
affect the sound beam wide and divergence angle.

Fig. 13 shows the electric current consumption per Pascal of the
three topologies single-layer PZT-5H, four-layer PVDF and single-
layer PVDF.

Fig. 13 helps to understand the efficiency level of each trans-
ducer. Despite the low outcome of single-layer, PVDF shows to
be the most efficient concerning electric current consumption per
Pascal, followed by the four-layer PVDF and the less efficient the
single-layer PZT. By ignoring the peaks related to experimental
constrains, the average electric current consumption of the tree
topologies are 3.5 mA/Pa for the single-layer PZT, 1 mA/Pa for the
four-layer PVDF and 0.3 mA/Pa for the single-layer PVDF.

7. Conclusions

An optimization study for ultrasonic transducers for underwa-
ter communications was performed. Three different designs with
piston topology were compared, namely PZT-5H single-layer, PVDF
single-layer and PVDF four-layer.

The study includes calculations, finite element simulation and
experimental tests.

From the three studied topologies studied, the PZT transducer
achieves higher output sound pressure, but the four-layer PVDF
demonstrates to be the best for this kind of applications, due to its
higher bandwidth and lower power consumption.

In this study, the single-layer PZT output sound pressure shows
to be in average 7 dB higher than four-layer PVDF, but also shows
an average power consumption of 3.5 times higher.
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