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Abstract—This work presents a minute single-chip piezo-
electric micromachined ultrasonic transducers (PMUTs)-on-
complementary metal-oxide-semiconductor (CMOS)-based
hydrophone with high receiving sensitivities and low noise.
The system is based on three different Scg 59, Algg59 N
PMUTs geometries: (a) square with an 80 um side,
(b) rectangular with a dimension of 60 x 40 um, and
(c) annular with an outer diameter of 80 yum which allows
to carry out acoustic measurements at very close distances
from the transducer under test. Each device is monolithically
integrated with a CMOS low noise amplifier (LNA) amplifier
with a gain of 25 dB. The first hydrophone prototype was
validated in water where two commercial hydrophones from
ONDA (HGL-0085 and HNC-0200) were used as references.
The experimental results give mean receiving sensitivities
of —234 dB re 1 V/uPa (equivalent to 1.9 V/MPa), —234.6 dB
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re 1 V/uPa (equivalent to 1.86 V/MPa), and —238.3 dB re 1 V/uPa (equivalent to 1 22 V/MPa) for (a)—(c), respectively. These
results demonstrate the high performance of the presented PMUTs-on-CMOS to be used in a miniaturized hydrophone

for characterizing high-frequency ultrasound transducers.

Index Terms—Hydrophone, micro-electro-mechanical-system (MEMS) hydrophone, piezoelectric micromachined

ultrasonic transducers (PMUTs), PMUTs-on-complementary
(SR).

metal-oxide-semiconductor (CMOS), receiving sensitivity

. INTRODUCTION

YDROPHONES, in the ultrasonic field, can be described
H as devices designed to convert underwater acoustic pres-
sure into electrical signals [1]. They allow us to characterize
ultrasound transducers in terms of instantaneous acoustic
pressure, acoustic intensity, peak compressional (P+) and
peak rarefactional (P—) pressures, etc. For biomedical acoustic
devices, these magnitudes are important to determine param-
eters such as the mechanical index (MI), which indicates
some possible bioeffects (nonthermal), such as cavitation,
by giving a measurement of the ultrasonic energy applied to
a patient during an ultrasound examination [2]. Based on that,
the use of hydrophones covers several biomedical fields in
order to guarantee the safety of medical procedures, avoid
harm to health, and provide figures to meet the specifications
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provided by standards and regulatory bodies [3]. For instance,
the ultrasound probes used in applications such as diag-
nostic which include high-resolution images of organs and
fetuses [4], neuromodulation [5], and therapeutic treatments
including drug delivery [6], require a previous characterization
with a hydrophone before going on the market. Recently
hydrophones have been widely described in [3] for assess-
ment of biomedical devices and in [7] focused on sonar
devices for ranging applications requiring lower frequency
operation.

Focusing on piezoelectric hydrophones for biomedical
applications, they can be mainly classified as: 1) membrane;
2) needle; and 3) capsule. The first one consists of one or
more thin films of piezoelectric polymer (e.g., PVDF) that
are supported in a ring (large dimensions) keeping it tense
and where only a small area is activated. These offer a
flat response over a broad bandwidth, however, at low MHz
frequencies the directional response is limited to 37°. On the
other hand, needle hydrophones are based on a piezoelectric
element (piezo-ceramic or piezo-polymer) placed on the tip
of a central conductor. In this case, the frequency response is
the least flat, affected by the resonance due to the thickness
of the piezoelectric, scattering, and diffraction effects at the
edge of the needle. Finally, capsule hydrophones offer a
better form factor than membrane reducing some artifacts as

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0002-6967-6565
https://orcid.org/0000-0002-3593-4060
https://orcid.org/0000-0001-6325-2166

21312

IEEE SENSORS JOURNAL, VOL. 24, NO. 13, 1 JULY 2024

a consequence of the diffraction effect, and their frequency
response is flatter than needle. Unlike membrane hydrophones,
capsule and needle hydrophones are suitable for placing closer
to the emitting transducer due to their reduced form factor [1],
[3]. Onda Corporation [8] and Precision Acoustics [9] are two
of the most important companies dedicated to fabricating and
commercializing hydrophones. Their catalog shows models
where the piezoelectric element can reach very small dimen-
sions such as 85 um (Capsule hydrophone HGL-0085 from
ONDA) with a nominal sensitivity of —278 dB (re 1 V/uPa
and without any amplifier) and 40 um (Needle hydrophone
NHO0040 from Precision Acoustics) with a nominal sensitivity
of —284.4 dB (re 1 V/uPa with an external preamplifier).

The importance of developing hydrophones suitable for
high-performance biomedical applications regardless of the
size of the transmitting transducer, its frequency, and the work-
ing distance has become a challenge today. Some researchers
and companies are addressing this challenge, for instance,
a patent published in 2023 by FUJIFILM Sonosite Inc.
Ivanytskyy et al. [10] proposes a membrane hydrophone with
an active area between 10 and 30 wum suitable for high-
frequency applications. Another approach of a membrane
hydrophone was proposed in 2016, where a 30 pum active
area was calibrated to 110 MHz with a mean sensitiv-
ity of 30 nV/Pa [11]. However, like any membrane-based
hydrophones, the large encapsulation size makes them not
proper to calibrate small ultrasound systems, for example,
in intravascular ultrasound systems (IVUS) catheters with
dimensions lower than 1.5 mm [12]. In this context, the
fast growth of the micro-electro-mechanical-system (MEMS)
industry has allowed the development and study of the
potentialities of small new hydrophone systems based on
micromachined ultrasonic transducers (MUTs). This technol-
ogy provides a robust fabrication process allowing small sizes,
large sensitivities, and the capability to integrate the trans-
ducers with the complementary metal-oxide-semiconductor
(CMOS) circuitry. MUTs can be classified according to their
working principle in capacitive MUTs (CMUTSs) and piezo-
electric MUTs (PMUTS).

A hydrophone based on a 2-D CMUT array was validated
in [13]. This system proposes 256 elements (arranged in 16 x
16 CMUTs), giving a total dimension of 4 x 4 mm and
where an application-specific integrated circuit (ASIC) was
flip-chip bonded. The sensitivity at the amplifier output ranges
from 1 to 76 wV/Pa using dc vias from 0.95 to 30.85 V
with operation frequencies below 2 MHz. Unlike CMUTs,
PMUTSs do not require polarization voltages to ensure their
correct behavior during reception which provides low power
consumption and less complex connections. PMUTS in receive
mode are based on the direct piezoelectric effect where an
incoming ultrasound wave causes a deflection of the membrane
which produces mechanical stress on the piezoelectric layer
and is detected by measuring the voltage signal between the
top and bottom electrodes surrounding the piezoelectric layer.
This is another benefit compared to CMUTs because receiving
sensitivity (SR) is not related to cavity height.

PMUTs-based hydrophones have been reported in the state-
of-the-art [14], [15], [16]. In [14], a 3.2 x 3.2 mm’> AIN

PMUT array and its preamplifier chip are connected in a
printed circuit board and packaged in a final hydrophone
holder with dimensions of 1.5 x 0.8 x 2 cm. The SR of
this system offers a flat response with a considerable SR
of —178 £ 0.5 dB (re: 1 V/uPa) over the low-frequency
range between 10 Hz to 50 kHz and a frequency range not
suitable for the assessment of biomedical devices acoustic
performance. On the other hand, in [15], a 6 x 6 AIN PMUT
array was presented even with slightly better sensitivity and
SR of —172.6 dB (re: 1 V/uPa) in the low-frequency range
from 100 Hz to 2 kHz. As a final example of hydrophones
based on PMUTs, a 9.5% Scandium-doped AIN array was
discussed in [16]. In this case, the system uses the same
structure proposed in [14], improving the SR to —164.5 £
0.5 dB (re: 1 V/uPa) and also with the same low-frequency
range as in [14]. From the presented results in these works,
there are some aspects to highlight. The first one is related
to the low operating frequency range, which despite the high
sensitivity values achieved, is not suitable to characterize
medical ultrasound devices (operating in MHz frequencies,
for instance, the frequency of lithotripsy ranges from 0.2 to
0.9 MHz [17], for IVUS the operation frequency is in
the range of 10’s MHz [18]). The second aspect considers
the conditioning circuitry where, like in all commercialized
hydrophones, the needed preamplification is in a separated
substrate (chip or package), requiring electrical connections
between hydrophone and preamplifier, bigger overall sizes,
affecting the performance of the received acoustic signals
(degraded signal due to a large parasitic capacitance), and
increasing the overall cost of the hydrophone system. Note that
any commercial piezoelectric hydrophone requires a preampli-
fier (or adapting circuitry) to “make independent” the received
signal by the hydrophone from the electrical load (which will
depend on the cables used, the data acquisition system like
oscilloscope, connectors, etc.). The hydrophone calibration is
carried out against a fixed electrical load, and to guarantee this
calibration, any user must use the same electrical charge. This
is achieved by the preamplifier.

In this article, we overcome this last limitation, present-
ing a single-chip hydrophone based on a PMUT integrated
monolithically with its CMOS preamplifier circuitry (PMUTs-
on-CMOS) with great potential as a hydrophone system for
biomedical devices assessment. The presented PMUTs-on-
CMOS (with three different shapes: square, rectangular, and
annular) offer small active areas (maximum side 80 pum) being
suitable for measurements closer to the ultrasound transducer
under test. The main contribution of this work is providing a
single chip that includes the sensor element and the amplifica-
tion, which reduces the total area and provides a cost-effective
hydrophone system. The experimental results show that our
PMUTs-on-CMOS-based hydrophones achieve a higher SR
and lower noise compared to the commercial ones. After this
introduction, Section II describes the main characteristics of
the hydrophones; in Section III the design and fabrication of
the PMUTs-on-CMOS are detailed; Section IV corresponds
to the experimental results for our hydrophones and finally
Section V provides a comparison of our PMUT-on-CMOS
hydrophones with the commercial ones, demonstrating the
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enhanced performance of the presented single-chip PMUT-on-
CMOS hydrophones.

Il. HYDROPHONE DESIGN CONSIDERATIONS

Hydrophone main characteristics depend on the applica-
tions for which they are intended, i.e., frequency range and
maximum pressures. For instance, some diagnostic and thera-
peutic ultrasound devices can be found in a frequency range
from 1 to 10 MHz with a maximum pressure of 1 MPa [17].
Once the application has been defined, there are several
characteristic parameters that are important to consider when
a hydrophone is designed, and they are listed as follows.

A. Element Size and Spatial Averaging Effect

The hydrophone size is determined in order to avoid the
spatial averaging effect [19], [20]. This phenomenon appears
because the hydrophone does not measure the acoustic pres-
sure at the center of its aperture, instead, it obtains the
average acoustic pressure over the whole area of its sensing
element. The effect causes an underestimation of the peak
pressure and an overestimation of the beamwidth [7]. Some
recommendations can be found in the literature that suggest
hydrophone apertures compared with a half-wavelength [21]
or a quarter-wavelength [11]. However, these approximations
could be unreasonable in some scenarios where the wavelength
is very small (e.g., a frequency of 60 MHz in water causes
a wavelength of 25 um being A/2 = 12.5 um and A/4 =
6.25 um). A more realistic method to determine the maximum
hydrophone radius (aj) is described in (1) where A is the
wavelength, a; is the radius of the transducer under test, and /
is the distance between the hydrophone and the transducer [22]

A
=g (,/l2 +a,2) . (1)

From this equation, the normalized distance of the
hydrophone from the transducer (I/2a;) can be obtained,
as shown in Fig. 1 for different hydrophone radii. Considering
the same ultrasound transducer (2a;,) and the same wave-
length (A) if the radius of the hydrophone increases, the
minimum distance between it and the ultrasound transducer
also increases. This means that small hydrophone dimensions
are desired to measure acoustic pressures near the transducers
under test. In addition, when the ultrasound transducer under
test works at high frequencies (low wavelength), such as
ultrasound devices for IVUS applications, small hydrophone
apertures are required to measure the acoustic pressure close
to the transducer surface.

B. Directional Response

The directivity gives a measure of the variation in sensitivity
when the angle between the acoustic signal and the active
element of the hydrophone is changed. Equation (2) illustrates
a general expression to compute it where n can take values
of 0, 1, or 2 for a piston, simply-supported or clamped
transducer, respectively, k is the wavenumber (27/1), ay is
the radius of the hydrophone, 6 is the incidence angle, and
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Fig. 1. Normalized distance of the hydrophone from the transducer

(I/2a¢) dependence versus wavelength for different hydrophone radii.
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Fig. 2. Directivity computed for an 80 um device at 20 MHz in water
modifying the boundary conditions to: piston (blue solid line), simply-
supported (green solid line), and clamped (red solid line).

Ju() refers to Bessel function of order n [23]
2"t (n 4 1) W p 1 (k-ay, - sin (0))
(k- ap - sin (6))"*!

Based on (2), if k- a5 < 1, it is possible to obtain an
omnidirectional radiation pattern (the same sensitivity regard-
less of the incident angle); however, if k - a5 > 1, the
beam becomes more directional. As can be seen, the radius
of the hydrophone plays an important role in the directivity
because smaller apertures can allow for higher frequencies
while maintaining the same sensitivity in all directions. Fig. 2
is obtained by plotting (2) considering an 80 pum device
at 20 MHz in water and where the boundary conditions give
a piston, a simple-supported, and a clamped device. From
this graph, the clamped device offers a more omnidirectional
pattern, ensuring a beamwidth at —6 dB higher than 150°
instead of values close to 110° and 82° for simple-supported
and piston devices, respectively.

D) =

2

C. Sensitivity and Frequency Response

The sensitivity describes the capacity of the hydrophone to
translate an acoustic pressure in a voltage signal and depends
on the actuation frequency. An ideal hydrophone should have a
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high sensitivity with a flat response in a broad frequency range.
However, several factors affect it depending on the electrical
setup. Equation (3) describes how the intrinsic or nominal
sensitivity defined as “End-of-Cable Open Circuit Sensitivity”
(SRgoc) could be affected by some capacitances: SR is the
loaded SR which depends on the measured values (Acquired
Voltage/Transmitted Pressure) in the specific experimental set-
up; G is the amplifier gain; Cy is the capacitance of the
hydrophone; C4 is the capacitance of the amplifier, and Cp
includes all parasitic capacitances due to cables, connectors,
etc. [17]. Clearly, a decrease of the parasitic capacitances
and the input capacitance of the amplifiers are desired to
obtain higher receiving loaded sensitivity, SR. As we will
show in Section III, this is the case for our PMUTs-on-CMOS
integrated hydrophones

Cu

SR(f)zG(f).SREoc(f)'m‘

3)

D. Minimum and Maximum Pressure
The minimum measurable pressure is described by the noise

equivalent pressure (NEP). For a correct acoustic pressure

evaluation, the acoustic pressure value must be at least five
or ten times higher than this factor [3], [17]. NEP can be
computed using (4) where Noise corresponds to the electrical
noise at the output of the amplifier and SR is the loaded SR

of the hydrophone [1]

Noise[ V]
R[%]
On the other hand, the maximum pressure level is affected

by: 1) the maximum pressure acquired by the hydrophone

at which the amplifier is in its linear regime (given by the
dynamic range of the amplifier) and 2) the signal level at
which the hydrophone is not damaged due to, among other
factors, some mechanical stress, or heating. Focus on 1) this
value can be obtained using the P_jgg compression point of

the amplifier gain and will be the dominant factor for our
integrated single-chip hydrophone.

NEP [Pa] = £1000. @)

I1l. PMUT-ON-CMOS HYDROPHONE: DESIGN AND
FABRICATION

The presented PMUTs-on-CMOS hydrophone is based on
three different geometries (square, rectangular, and annular) of
PMUTs integrated monolithically with the CMOS circuitry.
The commercial MEMS-on-CMOS platform from Silterra,
already validated for PMUTs devices [24], [25] was used to
fabricate these prototypes. Specifically, the CMOS technology
used is the Silterra CL130H32 1P6M (@1.5 V). Fig. 3(a)
top shows a general block diagram of a single hydrophone
based on PMUT-on-CMOS. The incoming ultrasound waves
are transduced by the PMUT in which its top electrode is
connected to the receiving channel (RX), while the bottom
electrode is grounded. The RX block consists of a CMOS
low noise amplifier (LNA) with a gain of 25 dB and a 50 @
output buffer for testing purposes. The CMOS LNA is a
voltage amplifier where the input voltage signal is generated
from the integration of the PMUT’s current on its input node.

-
5
=

LNA BUFFER

z =
Q r O
2))~ (= :
5
j]

(b) PMUT-on-CMOS layers

4600 nm
> 150 nm
600 nm

Fig. 3. (a) Block diagram of the proposed PMUT-on-CMOS hydrophone
(top). Full layout of the system (PMUTs over the CMOS LNA front-
end circuitry) where the used designs have been highlighted in cyan
(bottom). (b) PMUT-on-CMOS schematic layer stack (thickness is not to
scale).

To minimize power consumption, area, and noise, a self-
biased CMOS inverter configuration is designed using a pMOS
transistor operating in its sub-threshold region as a large
feedback resistor (refer to [29] for a detailed description). The
overall reception area is tiny (6 x 10~* mm?) which ensures
a compact design where the total area will be limited, in our
case, by the PMUTSs dimensions.

Fig. 3(a) bottom shows the final layout of the PMUTs
integrated over the CMOS LNA front-end along with the
electrical pads. The used PMUTs as hydrophones have been
highlighted in cyan. All PMUTsS are clamped structures where
some external holes outside the cavity were used to release the
membrane with a height of 600 nm. These clamped PMUT
structures are flexural resonators in their first out-of-plane
mode.

Based on the shown layout (from left to right), the first
device is a square membrane with a dimension of 80 um,
the second one is a rectangular structure with dimensions of
60 x 40 pum, and finally, the last one is an annular shape with
outer and inner diameters of 80 and 40 um, respectively. The
dimensions were chosen to have PMUTs-on-CMOS systems
with areas close or small to the commercial hydrophones
provided by ONDA and then establish a fair comparison.
Specifically, the areas of the three shaped PMUTs are: square
PMUT (80 x 80 um = 6400 pm?); rectangle PMUT (60 x
40 pum = 2400 ,umZ), and annular (3769 /un2).

Fig. 3(b) illustrates a schematic cross section of a single
PMUT-on-CMOS device. It consists of an unimorph layer of
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Fig. 4.  Encapsulation structure for the first hydrophone prototype.
(a) PMUTs-on-CMOS bonded to a dedicated PCB (1 cm diameter).
Inset: chip over the author’s finger. (b) Optical images of the square,
rectangular, and annular PMUTs-on-CMOS used as hydrophones.
(c) and (d) Front and top views of the final PMUTs-on-CMOS
hydrophone covered with the PDMS.

600 nm of 9.5% Sc-doped AIN (Scos59Algg 59N) deposited
by PECVD and sandwiched between two Al electrodes with
thicknesses of 200 and 150 nm for top and bottom electrodes,
respectively. The final PMUT layer is 1500 nm of SizNg
which is used as an elastic layer providing insulation to
the metal electrodes and waterproof capability. The inter-
connection between the PMUT electrodes and the CMOS
metal layers was made using vias which reduces the parasitic
capacitance compared to heterogeneous integration, such as
flip-chip bonding [26] or eutectic wafer bonding [27]. Based
on this, one of the benefits that monolithic integration provides
is to improve the signal-to-noise ratio, likewise, the overall
area is reduced compared to a commercial hydrophone and
preamplifier system (larger than 100 mm) by providing, in the
presented design, a single chip with a dimension of 1.9 x
1.5 mm with three read points and their respective LNAs. Note
that the final configuration toward a commercial hydrophone
based on this PMUT-on-CMOS technology could be only one
of these PMUT layouts.

The first prototype (designed only for testing purposes) of
the presented hydrophone based on PMUTs-on-CMOS devices
consists of basically two elements: 1) a dedicated printing
circuit board (PCB) and 2) a base structure. The PCB (~1 cm
in diameter) is designed as shown in Fig. 4(a) where the die is
glued at the center and the electrical connections between the
die and the PCB are made by dedicated wire bonding (25 um
Al wire). Connections to the power supply (1.5 V for biasing
the CMOS LNA and ground) and oscilloscope (for reading the
output LNA voltage) were done through a flexible cable placed
in the back side of the PCB. Note that the dimensions of the
chip are minute compared to the PCB, which will allow for a
reduction in the future packaging of the hydrophone based on
PMUTs-on-CMOS.

On the other hand, the base structure [shown in
Fig. 4(c) and (d)] is a simple plastic cylinder that fixes the
PCB and creates a structure to hold the system during the

TABLE |
ONDA’s HYDROPHONES AND PREAMPLIFIER CHARACTERISTICS
Device Parameters Devices
Hydrophone Name HGL-0085 HNC-0200
Type Capsule Needle
Diameter (Wm) 85 200
Nominal sensitivity -278 =271
(dB re: 1V/uPa)
Nominal sensitivity 13 28
(nV/Pa)
Pre-amplifier Name AG-2010 AH-2010-
025
Gain (dB) 20 20
Noise@Bandwidth 260@60 160@25
(WVrms@MHz)

measurements. The final step consists of covering the system
with a PDMS layer to provide protection for the bonding
wires and ensure a high yield during the measurements in
water. PDMS deposition is homemade, being challenging
to guarantee uniformity in all directions by hand, however,
an attempt was made to maintain 1.4 mm thickness in the
active region. The optical images of the PMUTs-on-CMOS
covered with PDMS are illustrated in Fig. 4(b).

IV. RESULTS AND DISCUSSION

The acoustic characterization in water was carried out
using a commercial ultrasound transducer from OPTEL as
a transmitting element with a diameter of 5 mm and a
central frequency of 5 MHz [28]. The pressure was measured
using two commercial hydrophones from ONDA (connected
to their respective preamplifiers) and our single-chip PMUTs-
on-CMOS hydrophone. Table I summarizes the principal
characteristics of the used ONDA’s hydrophones and their
preamplifiers.

The distance between the OPTEL and the hydrophone
systems was determined according to (1) where the a; is
2.5 mm, aj varies according to Table I, and A corresponds
to the minimum wavelength (maximum frequency) that is
desired to measure. In order to reach frequencies in the water
close to 20 MHz with the smallest commercial hydrophone
(diameter of 85 um), the distance between the OPTEL and
this was fixed to 9 mm. However, due to its low sensitivity,
echo amplitudes were too small for reliable measurement at
higher frequencies, and therefore, the pressure could not be
calibrated. For this reason, the HNC-0200 hydrophone was
also used because its sensitivity is higher than the HGL-0085
hydrophone, although unfortunately at this distance, the uncer-
tainty in the measurements increases above 10 MHz.

A. Sensitivity and Frequency Response

To obtain the receiving loaded sensitivity (SR) of the
presented PMUTs-on-CMOS hydrophones, the ultrasound
transducer from OPTEL, was calibrated with the commer-
cial hydrophones in water [see set-up Fig. 5(a)]. This step
allows us to obtain the acoustic pressure at 9 mm in a
frequency range from 1 to 10 MHz without spatial averaging
artifacts using the HGL-0085. Once the pressure was obtained,
each PMUT-based hydrophone was placed at the same axial
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Fig. 5. Underwater experimental set-up: (a) using two commercial
hydrophones from ONDA and (b) using the presented PMUTs-on-
CMOS hydrophone.
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Fig. 6. Frequency response of the transmitting sensitivity at 9 mm using
HNC-0200 (blue curve) and HGL-0085 (red curve) both for the OPTEL
transducer.

position to ensure the same pressure level, and the voltage
amplitudes at the CMOS-LNA output were acquired in the
same frequency range. Considering these values, the SR was
computed as the ratio between the voltage amplitudes and
acoustic pressure at the same frequency.

To carry out this experiment, the OPTEL was driven with
four sine-cycles with an amplitude of 23.8 V,,;, in a frequency
range from 1 to 10 MHz with steps of 200 kHz and the
HGL-0085 hydrophone was placed at 9 mm [see the set-up
in Fig. 5(a)]. The measured pressure at each frequency was
normalized with the applied voltage to the OPTEL trans-
ducer, and therefore, the dependence on the input voltage
was avoided. The position in the plane (x—y-directions) was
optimized using a manual micropositioner system when the
ultrasound transducer was excited at 4.8 MHz (maximum echo
amplitude) giving around 3 kPa/V at 9 mm from the transducer
surface (see Fig. 6 red curve).

For comparison, the HNC-0200 hydrophone was also used
in the same frequency range, see Fig. 6 blue curve. Note
that there are some differences between both measurements,
however, the behavior is the same, giving the peak frequency
at 4.8 MHz. In the second step [see the set-up in Fig. 5(b)],
the OPTEL was driven with four sine-cycles with 2.4 V,, at
the same discrete frequencies, and the position in the plane
for each PMUT was optimized. The SR was computed based
on these values and the previously measured pressure. Fig. 7
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Fig. 7. Experimental receiving loaded sensitivity curve in water where:
blue-stars, green diamonds, and magenta points correspond to the
square, rectangular, and annular PMUTs-on-CMOS hydrophones. Red
squares and cyan cross correspond to the commercial hydrophones
from ONDA HNC-0200 and HGL-0085 with their respective preampli-
fiers which were extracted from the provided calibration given by the
company.

illustrates the receiving sensitivities in dB re 1 V/uPa for each
single PMUT-on-CMOS and the commercial hydrophones
for comparison. The uncertainty was estimated through the
standard deviation (osr), see (5), where oamp is the accuracy
in measuring the amplitude, and opes is the accuracy in
measuring the acoustic pressure, giving a maximum error of
2dBre 1 V/uPa

dSR 2 [ dSR 2
OSR = (m 'UAmp) + (dPI'CS : GPres) . 5

From the results, the presented PMUTs-on-CMOS
hydrophones achieve high receiving sensitivities with average
values of —234 dB re 1 V/uPa (equivalent to 1.9 V/MPa),
—234.6 dB re 1 V/uPa (equivalent to 1.86 V/MPa), and
—238.3 dB re 1 V/uPa (equivalent to 1.22 V/MPa) for
square, rectangular, and annular PMUTSs, respectively,
over a bandwidth from 1 to 10 MHz. The sensitivities of
commercial hydrophones were extracted from the given
calibration from ONDA, and in both cases, the preamplifier
gain was considered. Focusing on the square PMUT-on-
CMOS hydrophone, the average SR is 30 dB higher than
the HGL-0085 (with almost the same dimension) and
15 dB better than the HNC-0200 (with a dimension 60%
small), demonstrating the potentialities of the presented
PMUT-on-CMOS hydrophone.

Based on the loaded SR obtained, the nominal sensitivity
for each PMUTs-on-CMOS was computed according to (3)
where G is the gain (25 dB), Cy is the capacitance associated
with physical layouts of PMUTs, C4 is the LNA equivalent
input capacitance considering the Miller effect [29], and Cp
is negligible for monolithic integrated systems. Substituting
Cina for 609 fF, and Cpmut for 496 fF if the PMUT is
square, 186 fF if it’s rectangular, or 584 fF if it’s annular, the
nominal sensitivity (SRgoc) gives 238, 445, and 140 nV/Pa for
the square, rectangular or annular PMUTs-on-CMOS-based
hydrophones, respectively.
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Fig. 8. Frequency response of the peak-to-peak amplitudes measured
at 9 mm and applying 2.4 Vpp to the commercial ultrasound transducer
with (a) HNC-0200 (red curve), (b) square PMUT-on-CMOS (blue curve),
(c) rectangular PMUT-on-CMOS (green curve), and (d) annular PMUT-
on-CMOS (magenta curve).

Comparing the 80 um square PMUT-on-CMOS with the
HGL-0085, an improvement of an 18.3x factor is achieved,
which could be increased to 34 times with a smaller area if
the rectangular PMUT-on-CMOS is used.

The frequency response of these single-chip PMUTs-on-
CMOS systems is not as flat as that of HGL-0085 (a capsule
hydrophone). However, their high sensitivities could com-
pensate for this effect once the operation frequency is set
and the corresponding sensitivity is established. Furthermore,
the possibility of implementing several reading points from
different PMUTSs on the same chip provides more versatility,
giving the option to select which device is most suitable
depending on the actuation frequency.

In addition, complementary measurements were carried out
from 1 to 20 MHz. Fig. 8 depicts the measured peak-to-peak
amplitudes at 9 mm when the OPTEL transducer is excited
with 2.4 Vy, (HGL-0085 was not included due to its low
sensitivity). From the results, the presented PMUTs-on-CMOS
hydrophones can transduce the same acoustic pressure into
higher voltage amplitudes than the HNC-0200 with smaller
areas. Quantifying these enhancements with respect to the
commercial hydrophone at the peak frequency (4.8 MHz),
the square-shaped PMUT achieves an improvement of 3.3x,
the rectangular 2.8 x, and the annular 1.6x, respectively.

B. Minimum Pressure Level

Equation (4) was used to compute the NEP and therefore
estimate the minimum pressure level measurable with the
hydrophones. To obtain the noise, the acquired rms output volt-
age signals (for each PMUTs-on-CMOS device) were obtained
by taking a time interval without echoes. On the other hand,
for the commercial hydrophones, the noise corresponds to the
datasheets (see Table I). For verification of the set-up, the rms
output voltage signal from the commercial hydrophones has
been also acquired obtaining close results to the given by
the company. Considering these values and the SR, NEP was
computed. Table II summarizes all the results.

According to the illustrated results, the proposed PMUTs-
on-CMOS hydrophones will be able to detect acoustic signals
with smaller pressure values.

Comparing the data corresponding to the square device
and the HGL-0085 hydrophone, the first one provides a
38x factor improvement in the SR (including the amplifier
gain), and the ability to detect pressures 67.5 times lower.
In addition, note that for rectangular and annular PMUTs-
on-CMOS hydrophones, their SR allows for obtaining NEP
lower than 200 Pa, which is not possible for the ONDA
hydrophones. From these measurements, it can be clearly
stated that the PMUTs-on-CMOS presented here outperform
commercial hydrophones of equivalent size in terms of receiv-
ing loaded sensitivity and NEP.

C. Maximum Pressure Level

The maximum pressure level for each design was deter-
mined based on the saturation that the amplifier shows when
high pressures arrive at the PMUTs-on-CMOS surface. This
experiment was performed by modifying the peak-to-peak
excitation voltages from 250 mVp, to 24 V,, at the OPTEL
driving signal (four sinusoidal cycles at 4.8 MHz). This voltage
sweep allows us a pressure range from 728 Pay,, to 70.5 kPay,.
The temporal response was acquired after 6 ps which corre-
sponds to a distance of 9 mm between the hydrophone and the
transducer from the OPTEL. Fig. 9 top depicts the maximum
amplitudes for each device where, as can be seen, the proposed
PMUT-on-CMOS hydrophones with minute areas allow us to
obtain large amplitudes at the same frequency.

In the same context, the peak-to-peak pressures that can
be detected without clamping were determined considering
the P1_gp compression points, giving 56, 68, and higher than
80 kPay,, for the square, rectangular, and annular hydrophones-
based PMUTs-on-CMOS, respectively. Fig. 9 bottom shows
the nonlinearity analysis considering the square PMUT-on-
CMOS hydrophone. These levels of pressure are far from
the required for some medical applications which could be
a limitation of the proposed system in order to characterize
different sources. As was discussed in Section II-D, the RX
block is the cause of this clamping and not the PMUTs
devices, and from the point of view of the proposed design,
the source follower output buffer is the main responsible. The
topology implemented in this circuit behaves as a voltage
level-shifter where to obtain an output resistance of 50 €,
the dc output voltage is significantly lower than VDD/2. For
the used CMOS technology, with dc biasing at 1.5 V, the
maximum peak-to-peak pressures with the high SR of our
square PMUT-on-CMOS hydrophone could be 789 kPa ( =
1.5 Vp/1900 nV/Pa), and this is a limitation that cannot
be overcome with this CMOS technology. An alternative to
overcome this issue could be implementing a CMOS amplifier
with two gains in order to modulate the SR depending on the
input pressure. The first gain could be 25 dB for pressure levels
lower than 0.8 MPay,;,, such as has been discussed until now,
while the second gain could be adjusted to achieve pressure
levels of up to 2 MPay, which could be obtained considering
a loaded SR of 750 nV/Pa, and a dc biasing of 1.5 Vpp.
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Fig. 9. Experimental points measured by sweeping the peak-to-peak
pressure from 728 Papp to 70.5 kPapp. Maximum measured amplitudes
considering the HNC-0200 (green squares), square PMUT (red points),
rectangular PMUT (blue diamonds), and annular PMUT (magenta stars)
(top). Nonlinearity analysis using the square PMUT-on-CMOS (bottom).

TABLE Il
SUMMARY OF THE PARAMETERS TO OBTAIN NEP

Device Noise(iVrms) (n\slga) I(\IP?)) Reference

Square 146@22MHz 1900 77
Rectangular 160@22MHz 1860 86 This work

Annular 190@22MHz 1220 156

HGL-0085 260@60MHz 50 5200 ONDA’s
HNC-0200 160@25MHz 447 358 hydrophone

SR: receiving loaded sensitivity (includes amplifier gain).

D. Directional Response

The final aspect to analyze is related to the capability of
the presented system not to affect the SR when the angle
between the hydrophone and the incident ultrasound wave
is different from 0°. For this test, the same commercial
transducer from OPTEL was used as a transmitting source and
both ONDA'’s hydrophones and the square PMUT-on-CMOS
were used to acquire the acoustic signals. The experiment
consists of measuring the acoustic pressure in a frequency
range from 1 to 10 MHz displacing each hydrophone 3 mm
in the lateral direction and placing it at an axial position
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Fig. 10. Hydrophones responses at different lateral positions depending
on the actuation frequency. HNC-0200 (top), HGL-0085 (middle), and
square PMUT-on CMOS (bottom).

of 9 mm. The steps used were 200 kHz in the frequency
sweep and 100 um in the lateral sweep. The steps used were
200 kHz in the frequency sweep and 100 pum in the lateral
sweep. Fig. 10 shows the 2-D map plots for each device. For
the commercial hydrophones HGL-0085 and HNC-0200, the
input voltage for the OPTEL transducer was set to 23.8 V,
while for the PMUT-on-CMOS hydrophone was 2.4 V. Even
with this x 10 times lower input voltage, the receiving voltage
amplitudes for the presented PMUT-on-CMOS hydrophone
were x4 times more than the equivalent in size commercial
hydrophone (HGL-0085) while obtaining the same imaging
patterns at different directions and operation frequencies.
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TABLE IlI
PMUTs-ON-CMOS HYDROPHONES CHARACTERISTICS AND COMPARISON
WITH COMMERCIAL HYDROPHONES

Parameters PMUTs-on-CMOS ONDA Precision
Acoustic [30]
Device Square Rectang. Annular I;)I(?SLS- 1312\](%_ NH 0075
Dimensions 80 umx | 60 umx | Out. Diam: 80um | Diam. Diam. Diam.
80 um 40 pm Inn. Diam: 40 um | 85 um 200 pm 75 um
Nominal
sensitivity, SReoc 238 447 140 10! 40! X
(nV/Pa)
Mean loaded
sensitivity, SR -234 -234.6 -238.3 -266 ! 22471 -280
(dB re: 1V/uPa)
Mean loaded
sensitivity, SR 1900 1859 1220 50 447 10
(nV/Pa)
NEP (Pa) 77 86 156 52002 3582 18972

! Extracted from the provided calibration by the company.

2 Computed value considering output-referred voltage noise spectral density in the amplifier bandwidth and the

mean sensitivity.

V. CONCLUSION

In this article, a novel hydrophone based on minute
PMUTs-on-CMOS was discussed. The presented single-chip
hydrophone (with an area of 1.9 x 1.5 mm) provides three
designs (square, rectangular, and annular PMUTSs) integrated
monolithically with a CMOS-LNA amplifier. A preliminary
prototype was characterized in water and compared with
two commercial hydrophones from ONDA, HGL-0085, and
HNC-0200, where the main results show competitive values.
Table III summarizes the main characteristics of the PMUTs-
on-CMOS LNA working as hydrophones and a comparison
with some commercial. In this context, it is important to
highlight the high sensitivities achieved, which are around
—236 dB (mean value considering the three PMUTs-on-
CMOS) instead of —266 dB for a hydrophone of almost the
same dimensions (HGL-0085 + Preamplifier), or —247 dB for
a larger hydrophone (HNC-0200) 4+ Preamplifier). Another
benefit is regarding the NEP, where pressure levels lower
than 150 Pa could be detected by the PMUTs-on-CMOS
systems.

This new approach of hydrophone design based on PMUTSs
integrated monolithically with the CMOS circuitry opens a
way to develop on a single chip several independent reading
points which could open new strategies for acoustic field detec-
tion, with a high sensitivity, a low noise, and the capability to
place them close to the transmitting source.
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