IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS. AND FREQUENCY CONTROL, VOL. 35, NO. 2, MARCH 1988 175

Wide-Band Piezoelectric Polymer Acoustic Sources

PETER A. LEWIN, SENIOR MEMBER, IEEE, AND MARK E. SCHAFER, MEMBER, IEEE

Abstract—The design of a wide-band acoustic source made of piezo-
electric polymer (PVDF) material is described. The source was devel-
oped for the characterization and absolute calibration of ultrasonic hy-
drophone probes. Construction details are described and performance
characteristics of the wide-band PVDF transmitter, including its trans-
mitting voltage response and directivity patterns, are compared with
theoretical predictions in the frequency range up to 40 MHz. The
Krimholtz-Leedom-Mattaei (KLM) model was used to examine the in-
fluence of the PVDF polymer film thickness, the backing acoustic
impedance, the cable length, and the electrical source resistance on
overall transmit transfer characteristics. A comparison is made with
traditional piezoelectric ceramic acoustic sources, and it is shown that
piezopolymer transmitters exhibit some improved properties and are
well suited for certain ultrasound dosimetry applications. In particu-
lar, the polymer sources have been found useful in measurements based
on swept-frequency excitation. Those measurements allow character-
ization of transmitters and receivers to be performed as a virtually
continuous function of frequency.

1. INTRODUCTION

NLY A DECADE ago, the frequencies used in med-

ical ultrasound imaging rarely exceeded 2.25 MHz.
Since then, ultrasound imaging systems have progressed
towards the routine use of much higher frequencies. For
example, general-purpose imaging and flow mapping
(Doppler) devices employ frequencies as high as 7.5
MHz. Specialized scanners for ‘‘small parts’’ imaging use
10-MHz transducers, and some opthalmological systems
generate 20-MHz ultrasound waves.

Another source of higher frequency ultrasound energy
is associated with nonlinear wave propagation phenom-
ena. Evidence has been accumulating over the past few
years that these phenomena can no longer be ignored in
medical ultrasound [1]. Ultrasound imaging systems use
focused transducers which can produce instantaneous peak
pressure amplitudes sufficiently high to induce nonlinear
propagation phenomena. Those phenomena are associ-
ated with the generation of higher harmonics in the prop-
agation medium [1]-[5]. The resulting distortion in the
pressure-time waveforms indicates that the ultrasound
waves may contain frequency components of tens of
megahertz. In addition, lithotripters used to disintegrate
kidney stones without the need for open surgery make use
of acoustic shock waves which exhibit rise times as brief
as 30 ns; this means that the frequency content of the wave
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is well beyond 30 MHz. Consequently, the ultrasound
probe used to record the nonlinear pressure-time wave-
form should be sufficiently wide-band to detect all the
higher harmonics present in the waveform. The contri-
bution of the harmonics can be approximated using well-
known theory [1], [3], [5]. The theory indicates that ne-
glecting the sixth and higher harmonics introduces ap-
proximately a five-percent error in the measurement of
peak intensity of the distorted wave. Thus the quantitative
determination of the fifth harmonic should be sufficient to
account for nonlinear propagation phenomena. Conse-
quently, a correct measurement of the pressure-time
waveform generated by an imaging transducer of nominal
frequency of 5 MHz will require a minimum hydrophone
bandwidth of 25-30 MHz if nonlinear distortion is pres-
ent.

Commercially available hydrophone probes are usually
not calibrated beyond 10 MHz. One reason for this, apart
from all the practical problems associated with the actual
calibration [6], [7], is a lack of broad-band acoustic
sources. Imaging transducers, although often described as
having broad-band characteristics, can hardly serve as
acoustic sources over the full frequency range of interest.
Their bandwidth is almost always limited due to the
matching layers and the resonant character of piezocer-
amic material used (e.g., lead zirconate titanate (PZT)).
The 3-dB bandwidth of a high-quality imaging transducer
is on the order of 70 percent of the fundamental fre-
quency, and thus a single transducer of this type is incap-
able of providing sufficient acoustic output over the 1-40
MHz range.

Although currently available NBS calibrated acoustic
power sources [8] can be used up to 21 MHz, these
sources cannot be used in calibration of ultrasonic probes
as a continuous function of frequency [9]-[11]. This is
because the sources are highly resonant devices and are
calibrated at discrete frequencies (i.e., 1-MHz intervals).
This represents a drawback, since the calibration of ultra-
sonic probes at such intervals will overlook any rapid
variations in frequency response of the hydrophone, due,
for instance, to spurious mechanical or radial mode res-
onances [12]. Providing that a wide-band acoustic source
is available, this drawback can be overcome by using the
calibration technique which combines the two-transducer
reciprocity technique [7] and the time-delay spectrometry
(TDS) approach [9]-[11]. This technique allows hydro-
phone probe free-field parameters, such as frequency re-
sponse, directivity, and effective radius, to be determined
as a continuous function of frequency in reverberant en-
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vironments. The theoretical background and fundamental
limitations of the TDS technique are thoroughly discussed
in a separate paper [11]. The typical overall uncertainties
in the reciprocity calibration performed using the TDS
measurement procedure have been estimated to range be-
tween +1 dB (at 1 MHz) and +1.3 dB (at 15 MHz).
Measurements undertaken by an independent laboratory
in the frequency range from 1 to 10 MHz [9] confirm these
uncertainties. As mentioned above, although the combi-
nation of the TDS and reciprocity techniques allows ab-
solute calibration at frequencies up to 15 MHz [12], the
ultrasonic hydrophone probes currently available are in
general calibrated as a continuous function of frequency
from 1 to 10 MHz. The National Physical Laboratory
(U.K.) can perform discrete frequency calibrations at 1-
MHz intervals up to 15 MHz.

From the above, there is a need for acoustic sources
that can produce predictable and uniform acoustic output
in the widest possible bandwidth. Such sources will allow
hydrophone calibration over a wider frequency range (to
40 MHz) using methods based on the swept-frequency
systems and the TDS technique, without the necessity of
changing transmitters [9]-[13]. Apart from applications
in ultrasound dosimetry and exposimetry, wide-band
sources may also be useful in tissue characterization pro-
cedures, as they facilitate measurements of medium prop-
agation parameters such as attenuation as a continuous
function of frequency.

This paper describes the design, construction, and per-
formance of wide-band piezoelectric acoustic sources
(transmitters) made using polyvinylidene difluoride
(PVDF). These sources are intended to provide absolute
calibration of ultrasound hydrophone probes (receivers).
Although the theoretical predictions indicate that the
polymer sources described in the present work can be used
at frequencies beyond 40 MHz, the upper cutoff fre-
quency of the spectrum analyzer used here was limited to
40 MHz. Since the wide-band PVDF sources were char-
acterized using broad-band miniature polymer hydro-
phone probes, a brief summary of the basic properties of
the PVDF hydrophone probes follows.

II. BRoaD-BAND PVDF PoLYMER ULTRASOUND
RECEIVERS

In the time since the pioneering ideas presented in 1977
[14], several PVDF hydrophone designs have been de-
veloped. The designs employ either the original hoop
membrane approach [15], [16] or needle-type construc-
tion [17]. Comparison of the performance properties and
applications of the two designs can be found in [18].
Briefly, the PVDF hydrophone probes currently available
exhibit uniform frequency response (to within +1.5 dB)
over a frequency range which extends beyond 10 MHz
[12], [19]. Their absolute calibration as a function of fre-
quency is usually known in the frequency range from 1 to
10 MHz. Recently, the results of a calibration performed
as a virtually continuous function of frequency in the 1-
15 MHz frequency range were published [18]. The use of
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Fig. 1. Theoretically predicted receiving voltage sensitivity of 9-um 0.5-
mm-diameter PVDF membrane hydrophone terminated into 1 M@
through 1 m of coaxial cable.

PVDF hydrophone probes provided the evidence that in-
deed the analysis of ultrasound pulses used in medical im-
aging systems has to account for nonlinear propagation
phenomena.

The angular response of the polymer probes is, espe-
cially in the case of needlelike design, close to the theo-
retical predictions, based on a uniform piston receiver
model [17], [20], [21]. Recently, a modification of the
needle-type probe design was suggested [22]. In this de-
sign, the polymer sensor is mounted on a convex backing
support, and hence the probe shape corresponds to a frac-
tion of a sphere. This construction should, in principle,
exhibit further improvement in directivity patterns, bring-
ing them closer to the more desirable spherical shape.

The hydrophone used here was made of PVDF material
and was similar to the miniature needle-type probe de-
scribed in [17]. It employed a 9-um-thick polymer film,
and its effective diameter was determined to be approxi-
mately 0.5 mm. In the frequency range from 1 to 15 MHz
this hydrophone was absolutely calibrated by the reci-
procity method combined with the TDS technique [9]-
[13]. Beyond 15 MHz a calibration by substitution was
carried out using a prototype 9-um PVDF membrane hy-
drophone as a reference and assuming that, in general, the
membrane hydrophone exhibits uniform and fiat sensitiv-
ity to about 70-80 MHz. The support for this assumption
comes from Fig. 1, which shows a simulation of the re-
ceiving frequency response for a 9-um membrane hydro-
phone. The results of this simulation are consistent with
the data published in [21], [23]. In [23] the frequency
response beyond 15 MHz was obtained for several ultra-
sonic hydrophone probes by comparison of the voltage
measured at the terminals of the probes against the cor-
responding voltage produced by a reference membrane
hydrophone. The frequency response of the reference hy-
drophone was theoretically predicted [19].

The miniature needle-type hydrophone (the Danish In-
stitute of Biomedical Engineering, Copenhagen, DK-
2605, Denmark) was chosen for the calibration of the
transmitter because of its ease of positioning in the mea-
surement arrangement used. Over the frequency range
from 1 to 15 MHz the frequency response of the needle-
type hydrophone was essentially flat (£ 1.5 dB). Between
15 and 40 MHz the frequency response of the needle-type
hydrophone was adjusted to account for a theoretically
predicted increase in the sensitivity of the reference mem-
brane hydrophone (see Figs. 1 and 2).
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Fig. 2. Experimentally determined overall frequency response of needle-
type miniature PVDF hydrophone used here as calibrated receiver. Fre-
quency range of absolute calibration using time-delay spectrometry and
reciprocity technique: 1-15 MHz. In frequency range 15-40 MHz, fre-
quency response was derived; for details see Section II.

III. WiDe-BAND PVDF POLYMER TRANSMITTERS

In the past decade there have been relatively few at-
tempts made to employ PVDF polymer material in med-
ical imaging transducers [24], [25], nor was PVDF seri-
ously considered for broad-band design applications. This
is so despite the fact that the PVDF material has several
features that make it useful in medical imaging. First of
all, the nature of the PVDF material facilitates construc-
tion of transducers that have short impulse responses,
without the need for matching layers. PVDF’s acoustic
impedance is relatively close to that of tissue (approxi-
mately 4.5 MRayl), thus minimizing reflections at the in-
terface between the imaging transducer and tissue. This
is discussed further in Section III-A. Finally, PVDF is
mechanically flexible, thus potentially improving new
transducer designs. However, a relatively low electro-
mechanical coupling factor, which reduces transmitting
efficiency, has contributed to limited interest in using
PVDF in transmitter applications. Since the primary goal
in the design to be described was bandwidth maximiza-
tion, this relatively poor transmitter performance (in com-
parison with the conventional piezoelectric ceramic trans-
ducers) was not considered to be a serious drawback.
Acoustic power produced by the wide-band transmitter
was of secondary interest because of the use of the inher-
ently narrow-band calibration procedure based on time-
delay spectrometry [10], [11], [13], [26], [27]. In prac-
tice, the TDS procedure allows a signal-to-noise ratio of
at least 60-75 dB to be maintained in the 1-40 MHz fre-
quency range.

A. Theoretical Modeling
The theoretical calculation scheme for design optimi-

zation employed the Krimholtz-Leedom-Mattaei (KLM)
model proposed in [28] and applied recently in [29], [30].

This model allows for the acoustic source to be consid-
ered using the transmission line approach and is particu-
larly suited for medical imaging transducer design. The
KLM model has been derived from the well-known and
widely used Mason model [31]. The design procedure for
ultrasonic transducers is based on the one-dimensional ap-
proximation of several layered structures. In general,
those layers consist of piezoelectric material, acoustic
impedance matching layers, acoustic backing layers, and
front port loading material (propagation medium). A brief
comparison with ceramic transducers serves to emphasize
the simplifications in the design obtained when using
PVDF material. Most transducers using piezoelectric ce-
ramics, such as lead zirconate titanate (PZT), will deliver
maximum acoustic power to the load when the thickness
of the piezoelectric material is equal to half the acoustic
wavelength in the material. However, because of the large
acoustic impedance mismatch between the ceramic (typ-
ically, 30 MRayl) and the propagation medium (approx-
imately 1.5 MRayl), a significant part of the acoustic
wave generated in the ceramic material is reflected. These
reflections can introduce ringing in the transducer impulse
response, which decreases the transducer bandwidth.
The overall performance of the transmitter is largely
controlled by the thickness of the element used, the
acoustic impedance of the backing material, and the elec-
trical matching. These parameters were input variables to
the KLM model which was used to determine transmit
transfer function (transmitting voltage response) in dB re
1 Pa cm/V. This function defines acoustic output at a
given axial distance from the transmitter for a unity volt-
age excitation signal. A more detailed definition of the
transmitting voltage response is given in Section V-A.
Unlike the design optimization procedure for medical im-
aging transducers, which requires neutralization of the
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clamped capacitance of the piezoelectric material by using
a parallel inductance, no inductive components were used
in the simulation described below to maximize the band-
width.

A number of transmitter parameters were simulated, in-
cluding effective diameter, PVDF film thickness, acoustic
backing material, electrical source resistance, and cable
length. Characteristic parameters of the PVDF material
(Kynar® and Solef®) were taken from data supplied by the
manufacturers.

The diameter of the active element was set to 10 mm.
The size limitation comes from the consideration of the
distance between the transmitter and the hydrophone probe
and the location of the transmitter’s near-to-far field tran-
sition region. With the upper frequency of interest of 40
MHz, it would be impractical to have effective transmitter
diameter larger than 10 mm. The 10-mm diameter re-
quires approximately 50-cm separation distance between
the transmitter and a receiver to approximate free-field
measurement conditions in a water tank.

The thicknesses of the PVDF material governs the
bandwidth and, to a certain extent, the transmitting effi-
ciency. The simulation results presented below are based
on 9- and 28-um thicknesses of the polymer film, since
those are the most commonly available thicknesses.
Acoustic impedance of the backing was simulated in the
range from 1.5 to 40 MRayl. Note that while the 1.5-
MRayl impedance corresponds to a half-wavelength res-
onance structure, the 40-MRayl backing impedance shifts
the fundamental frequency to approximately the quarter-
wave resonance value. Source resistance was varied from
50 to 1000 ©, and the length of the 50-Q coaxial cable
terminating the sensor element was varied from 0.4 to 1.5
m. Selected results of the simulations are presented in
Figs. 3-8.

The influence of the thickness of the polymer film can
be readily seen from Figs. 3 and 4. In Fig. 3 the trans-
mitting response for a 9-um film with a 12-MRayl back-
ing was calculated. The half-wavelength resonance fre-
quency for a 9-um film corresponds to approximately 120
MHz. With the backing used the calculated resonance fre-
quency dropped to approximately 56 MHz, beyond the
scale shown in Fig. 3. In Fig. 4 the thickness used was
28 um, with the corresponding half-wavelength resonance
at approximately 38 MHz. With a 12-MRayl backing the
resonance frequency dropped to approximately 16 MHz.
From the figures it is obvious that the thinner film leads
to a decrease in the acoustic output at frequencies below
20 MHz; however, the 9-um film response is much more
uniform over the whole frequency range. Note that in both
figures the vertical scales are in dB.

The influence of the acoustic backing material is ap-
parent from a comparison of Figs. 4 and 5. The plots of
Figs. 2 and 3 correspond to a 28-pm film thickness backed

®Kynar is a registered service mark of the Pennwatt Corporation, King
of Prussia, PA. Solef is a registered service mark of the Solvay Corpora-
tion, Brussels, Belgium.
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Fig. 3. Simulated transmitting voltagé response of 10-mm-diameter 9-pum-
thick PVDF polymer acoustic source in water at axial distance of 50 cm.
Backing impedance is 12 MRayl.
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Fig. 4. Simulated transmitting voltage response of 10-mm-diameter 28-
um-thick PVDF polymer acoustic source in water at axial distance of 50
cm. Backing impedance is 12 MRayl.

by an acoustic impedance of 12 and 40 MRayl, respec-
tively, and a source resistance of 150 Q. The lower back-
ing impedance produces a more uniform and wide-band
frequency response at the slight expense of the acoustic
output at lower frequencies.

The influence of the electrical matching can be evalu-
ated from Figs. 6 and 7. In Fig. 6 the frequency response
plot was obtained using a source resistance value of 50 Q.
The plot in Fig. 7 was calculated with the resistance value
increased tenfold to 500 Q. As could be expected, the
acoustic output of the transmitter decreases when the
source resistance increases. On the other hand, a higher
source resistance results in a more uniform transmitting
frequency response at the lower megahertz range of fre-
quencies.

The influence of the cable length between the PVDF
sensor element and the voltage generator was examined
by calculating the impulse response for different cable
lengths. The results of the simulations are shown in Figs.
8(a) and 8(b); the former shows the transmitter impulse
response with a 0.5-m cable, while the latter shows the
transmitter impulse response with a 2-m cable. The re-
sults clearly indicated that the shortest possible cable
length is desirable to obtain the shortest impulse response.
However, for practical reasons the cable length was set to
1 m.

Based on the results of the simulations described, a 9-
pm-thick PVDF polymer film was selected for the wide-
band acoustic source. Although this thickness does not
yield the highest acoustic output level it was considered
appropriate for TDS calibrations because it provided the
widest uniform frequency response. The value of acoustic
impedance of the backing was selected close to 12 MRayls
(see Figs. 4 and 5). The value of the source resistance
required to optimize the bandwidth was experimentally
determined to be approximately 150 Q. The construction
of the wide-band transmitter is described in the next sec-
tion.
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Fig. 5. Simulated transmitting voltage response of 10-mm-diameter 28-
pm-thick PVDF polymer acoustic source in water at axial distance of 50
cm. Backing impedance is 40 MRayl.
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Fig. 6. Simulated transmitting voltage response for 10-mm-diameter 9-um
PVDF acoustic source with electrical source resistance of 50 Q.
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Fig. 7. Same as Fig. 4, except that electrical source resistance is set to
500 Q.
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Fig. 8. (a) Simulated transient response of 9-um 10-mm-diameter PVDF
transmitter with 0.5-m coaxial cable. (b) Simulated transient response of
9-pm 10-mm-diameter PVDF transmitter with 2.0-m coaxial cable.
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IV. ConsTrRuCTION OF THE WIDE-BAND PVDF
TRANSMITTER

The construction of the PVDF polymer transmitter is
shown schematically in Fig. 9. The piezoelectric element,
10 mm in diameter and made from 9-um PVDF film

(Kynar and Solef), was glued directly to the carefully pol-
ished backing material using a low-viscosity epoxy. This
thickness of PVDF film should have a resonance fre-
quency higher than 40 MHz (see Fig. 3), which was the
upper cutoff frequency of the spectrum analyzer used here.
The polymer material supplied was already poled and
electroded. The electrode material was copper of 1000-A
thickness. Electrical contacts were made to the rear of the
element via a 0.2-mm diameter copper wire attached with
conductive adhesive (Tra-duct®) and held in a thin insu-
lating tube in the backing material. The other end of this
wire was soldered to the inner lead of a standard BNC
connector. Contact to the front face of the element was
established via a similar copper wire attached to both the
element and to the brass tube insert. This outer electrode
was connected to the outer (ground) connection of the
BNC connector. The stainless-steel tube was also
grounded, thus providing effective electrical shielding.
The hollow space behind the backing material was pro-
vided for ease of construction. To avoid quarter-wave-
length filtering effects the front surface electrode was not
covered by any protective coating.

V. THE CALIBRATION OF THE PVDF TRANSMITTERS

The calibration of the wide-band PVDF transmitters in-
cluded determination of the transmitting voltage response
at a given distance, measurement of the directivity pat-
terns at different frequencies and calculation of the effec-
tive transmitting aperture.

A. Transmitting Voltage Response

As already mentioned, the transmitting voltage re-
sponse defines acoustic output for a unity-voltage sinu-
soidal excitation signal at a given axial distance from the
transmitter. This response was obtained by measuring the
transmitted pressure with a hydrophone probe (see Sec-
tion II). The experimental setup employed was similar to
the one described in [26}, based on the time delay spec-
trometry (TDS) technique. Briefly, the broad-band PVDF
transducer was driven by the sine swept signal from the
tracking generator of a spectrum analyzer (HP 3585A).
The swept signal was amplified by a wide-band power
amplifier (ENI). The signal detected by the hydrophone
was fed into the spectrum analyzer input and displayed.

Since the transmitter’s excitation (or driving voltage
amplitude), the frequency response of the hydrophone
probe, and the distance between the transmitter and the
hydrophone were all known, the transmitting voltage re-
sponse was determined as [32]

S, = Exd/ME, (1)

where E, is the voltage measured at the terminals of the
PVDF hydrophone probe terminated with the input
impedance of the oscilloscope or spectrum analyzer (typ-
ically 1 MQ in parallel with 30 pF), d is the axial distance
between the hydrophone probe and the transmitter, M, is

®Registered service mark of Tra-con, Medford, MA.
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Fig. 9. Schematic construction of wide-band PVDF polymer acoustic source
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Fig. 10. Typical transmitting voltage response of 10-mm-diameter 9-um PVDF polymer source measured in water at axial
distance of 50 cm. Excitation voltage was supplied via 1-m coaxial cable. Source resistance: 150 Q.

the end-of-cable voltage sensitivity of the hydrophone
probe, and E, is the amplitude of the transmitter driving
voltage. A typical transmitting voltage response of the
PVDF transducer measured in water at the axial distance
of 50 cm is shown in Fig. 10 (note the expanded vertical
scale in comparison with Fig. 3; also see Section VI for
a more detailed discussion).

As an example of the wide-band behavior of the PVDF
source, Fig. 11 shows the pressure-time waveform gen-
erated by the polymer source in water. The transmitter
was driven with a single cycle burst at 7 MHz. Note the

lack of ringing and very good fidelity to the driving sig-
nal.

To compare the PVDF material performance with that
of conventional piezoelectric ceramics, a PZT transmitter
was constructed. The transmitter was made of a 10-mm-
diameter 22-MHz plane piezoelectric ceramic disk. The
ceramic material was of PZT 24 type (trademark of Fer-
roperm A/S, Denmark) and was polarized in the thickness
direction. The relatively flat frequency response was ob-
tained by using a backing acoustic impedance of approx-
imately 18 MRayl. Fig. 12 shows the transmit transfer
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1. Pressure-time waveform generated by polymer source of Fig. 10
in water and recorded by needle-type PVDF hydrophone probe. Source
was excited by single-cycle 7-MHz burst. Horizontal: 50 ns/div. Ver-
tical: 1 mV /div.
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Fig. 12. Typical transmitting voltge of 10-mm-diameter 22-MHz plane piczoelectric ceramic source measured in water at axial
distance of 50 cm. Excitation voltage was supplied via 1-m coaxial cable. Source resistance: 150 Q.

function (transmitting voltage response) determined ac-
cording to the calibration procedure described earlier.

B. Directivity Patterns

The directivity patterns of the PVDF polymer trans-
mitters were obtained in the following way. At a partic-
ular frequency the distance of the last axial maximum was
calculated, and then the hydrophone probe was placed at
this point. The acoustical axis of the transmitter was then
determined using the procedure described in [33]. This
was performed by assessing the symmetry of the ampli-
tude distribution in two perpendicular planes, each of
which included the acoustic axis of the transmitter. Sub-

sequently, the transmitter was rotated about an axis
through its face while the voltage received at the terminals
of the hydrophone probe was recorded. Some typical re-
sults taken in approximately 0.1° steps are shown in Fig.
13.

C. Effective Aperture Size

Generally, the effective aperture size (or radius for cir-
cular transducers) is a function of frequency and is almost
never identical with the geometrical radius [34]. To de-
termine the effective diameter, frequency spectra were
measured for various angles of incidence. From these
spectra the angle corresponding to the first zero of the
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Fig. 13. Typical directivity patterns of wide-band PVDF acoustic source in water.

major lobe was found as a function of frequency [13].
This angle can be related to the effective diameter assum-
ing a circular piston transducer [35].

The effective radius of the constructed PVDF transmit-
ters was experimentally determined for several frequen-
cies in the frequency range 1-20 MHz using the meth-
odology described in [6] and [21]. The results of the
measurements are summarized in Table I. All values listed
in Table I were obtained by calculating average values of
repetitive (minimum 3) measurements performed at the
frequencies considered. Deviation from the nominal di-
ameter was defined in the following way:

percent deviation
= {(effective diameter-nominal diameter)/
nominal diameter} - 100 percent.

From the results listed in Table I, the effective diameter
of the constructed transmitter matched its physical diam-
eter to within 7 percent over the full frequency range con-
sidered.

VI. DIsScUSSION

The PVDF transmitters described here exhibit wide
well-behaved frequency response. Generally good agree-
ment exists between the slopes of the predicted (Fig. 3)
and the measured (Fig. 10) transmitting voltage responses
of the PVDF acoustic sources (0.21 and 0.23 dB/MHz,
respectively ). However, the absolute levels differ by ap-
proximately 6 dB at 1 MHz and 8 dB at 40 MHz, with the

TABLE I
EVALUATION OF THE EFFECTIVE DIAMETER OF THE WIDE-BAND PVDF
TRANSMITTER WITH NOMINAL DIAMETER OF 9.8 mm*

Effective

Diameter Deviation

Frequency (mm) (Percent)
1 9.58 -2.24
3 9.53 -2.76
5 9.64 -1.63
8 9.69 -1.12
10 9.61 -1.94
12 9.48 -3.26
15 9.32 -4.90
20 9.19 -6.22
40 9.12 -6.96

“Deviation in percent is determined as (percent deviation) = {(effec-
tive diameter — nominal diameter) /nominal diameter} - 100 percent.

experimental values being higher. The discrepancies ob-
served between the theoretical predictions and the mea-
sured response indicate that the electromechanical param-
eters of the constructed transducers were not identical with
those used as input parameters to the KLM model. Data

used for the modeling presented here were taken from the

manufacturers’ data sheets. However, the electrical, elas-
tic, and piezoelectric properties depend on manufacturing
and poling processes; the coupling coefficient and d and
g constants may differ significantly between manufactur-
ers and batches. In addition, since polymers are relatively
soft materials, the thickness of the electrodes deposited
on the surface may affect their electromechanical prop-
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erties. Also, it is important to recognize that the electro-
mechanical properties vary with frequency. In view of the
above, the discrepancies found were not considered un-
reasonable. Since the primary goal of the simulation work
was the corrected prediction of the overall frequency
bandwidth and slope, the observed discrepancy between
the predicted and measured absolute acoustic outputs was
not examined further.

In comparison with conventional heavily damped pi-
ezoelectric ceramic transducers, PVDF transmitters ex-
hibit lower transmitting efficiency in the lower megahertz
frequency range (see Figs. 10 and 12). However, this
lower transmitting efficiency is fully adequate when an
inherently narrow-band measurement system, such as
time-delay spectrometry is used [26]. The PVDF trans-
mitters described here are routinely used for absolute cal-
ibration of hydrophone probes in the 1-15 MHz fre-
quency range using the TDS principle combined with the
reciprocity technique. Although the present measure-
ments were only performed in the frequency range from
1 to 40 MHz, the theoretical predictions indicate that the
PVDF transmitters are usable at frequencies beyond 40
MHz. This makes the transmitters particularly well suited
for wide-band calibration procedures and broad-band
acoustical measurements of materials based on the TDS
principle.

The measured directivity patterns of the PVDF trans-
mitters are in excellent agreement with those predicted
using a uniform piston model (see Fig. 13) [20], [21],
[35]. To minimize measurement errors due to the sharp-
ness of the transmitted beam at higher frequencies, a pre-
cise positioning system was used during the calibration
and measurement procedures. For the frequency range up
to 40 MHz, the positioning system used here, which had
a step interval of 10 um, has proven to be satisfactory.
The effective radius of the PVDF transmitters was found
to be essentially constant (to within +7 percent) over the
entire frequency range. This further facilitates calibration
procedures since the knowledge of the effective radius is
required to account for diffraction corrections [7]. Recent
advances in the piezomaterials design and the advent of
more sensitive copolymers materials, such as polyvinyli-
dene fluoride trifluoroethylene copolymer P(VDF-TrFR)
[25], hold promise that more efficient wide-band trans-
mitters can soon be constructed.
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