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ABSTRACT High-resolution imaging and mapping of the ocean and its floor has been limited to less
than 5% of the global waters due to technological barriers. Whereas sonar is the primary contributor to
existing underwater imagery, the water-based system is limited in spatial coverage due to its low imaging
throughput. On the other hand, aerial synthetic aperture radar systems have provided high-resolution imaging
of the entire earth’s landscapes but are incapable of deep penetration into water. In this work, we present a
proof-of-concept system which bridges the gap between electromagnetic imaging in air and sonar imaging
in water through the laser-induced photoacoustic effect and high-sensitivity airborne ultrasonic detection.
Here, we use air-coupled capacitive micromachined ultrasonic transducers (CMUTs) which is a critical
differentiator from previous works and has enabled the acquisition of an underwater image from a fully
airborne acoustic imaging system – a task that has yet to be accomplished in the literature. With the entire
imaging system located on an airborne platform, there is much promise for the scalability of our system to
one which could perform high-throughput imaging of underwater in large-scale deployment. Non-contact
acoustic-based imaging modalities are also of much interest to the medical imaging and non-destructive
testing communities. Incorporating air-coupled transducers, for example CMUTs, or other resonant sensors
in these applications could be aided by the analysis presented throughout this work.

INDEX TERMS Capacitive micromachined ultrasonic transducer, CMUT, laser Doppler vibrometer, laser
ultrasound, non-destructive testing, photoacoustic, sonar, ultrasound, underwater imaging.

I. INTRODUCTION
Sensing and imaging of underwater is an extensive field
with applications including biological survey [1], bathymetry
[2], wreckage searching [3], defense surveillance [4], among
others. To date, sensing in seawater is performed with sonar
systems which use ultrasound to obtain high-resolution sub-
surface images. Sonar systems are typically hull-mounted or
towed by ships that traverse an area of interest [5]. With this
means of operation, imaging throughput is low – leading to
costly and time-consuming efforts when covering large areas.
In addition, some applications of underwater imaging may
prohibit safe navigation of an in-water sonar system. A more
versatile, non-contact or airborne imaging system that is
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mounted on a moving platform could permit high-throughput
sensing of underwater environments.

Sonar is the state-of-the-art underwater sensing technology
due to the high-resolution and long-range capabilities offered
by short acoustic wavelengths and low attenuation in water
[6]. Despite desirable in-water propagation, ultrasound does
not transmit well through the air-water interface – prohibiting
the use of a traditional sonar system on an airborne platform.

Prevailing free-space sensing technologies include radar
and optical imaging. Due to the high dielectric and conduc-
tive losses in seawater, radio-frequency (RF) and microwave
energy used for radar imaging cannot penetrate to large
depths [7]–[9]. Likewise, optical energy is highly absorbed
by water at most wavelengths [10]. Even wavelengths in the
visible spectrum that can penetrate deeper into clear water
suffer from significant scattering in turbid seawater as a result
of their short wavelengths [11], [12]. With radar, optical,
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and sonar imaging all lacking the ability to perform airborne
imaging of underwater, a novel system must be developed to
break through this technological barrier.

To maintain the advantages of underwater acoustic prop-
agation, recent works explore the prospect of a non-contact
acoustic source generated through a laser interaction with the
surface of water [13]–[16]. While this transmit mechanism
shows much promise, these systems rely on detection of
echoed acoustic waves through a second laser performing
surface vibrometry. As the echoed waves impinge on the
surface of water, small displacements can be measured as an
optical frequency shift by a laser Doppler vibrometer (LDV)
[14]–[16]. The use of an LDV comes with many challenges,
however, and has limited the practicality and thus deployment
of these systems. Section II provides more insight into the
shortcomings of the above-mentioned imaging techniques for
this application.
Contributions: To address the gap for high-throughput,

scalable airborne imaging of underwater, we propose a sys-
tem (see Fig. 1) which excites an underwater acoustic source
using an airborne laser and detects the acoustic echoes at the
airborne platform with collocated high-sensitivity capacitive
micromachined ultrasonic transducers (CMUTs) [17]. Since
the CMUTs are micro-electromechanical (MEMS) devices,
they can easily interface with circuits fabricated on silicon
and can be integrated into large arrays [18]. While a large
physical array of CMUTs is not in the scope of this work,
mechanical scanning of a single CMUT device with coherent
detection allows sufficient spatial sampling of the acous-
tic echoes needed for proof-of-concept image reconstruc-
tion [19]. Our proposed CMUT detection technique requires
a considerably different system design approach but offers
higher sensitivity than the LDV-based methods while also
offering potential to scale to large sensor arrays.

Within, we analyze an acoustic interference phenomenon
that occurs after laser interaction with the surface of water in
order to enable low frequency, narrowband acoustic waves
that can be efficiently captured by airborne CMUTs. The
presented analysis and design is critical for selecting proper
system design parameters such as the laser wavelength and
acoustic frequency. We adapt an image reconstruction algo-
rithm for functionality in bistatic layered imaging scenarios,
andwe demonstrate – for the first time – imaging an underwa-
ter environment using a fully airborne system that capitalizes
on advantageous underwater acoustic propagation.

The remainder of this paper is organized as follows:
Section II discusses the shortcomings of existing technolo-
gies and emerging techniques for high-throughput imaging
of underwater. Section III provides an overview of our sys-
tem and introduces the approach for acoustic generation
and detection. Section IV analyzes the acoustic interfer-
ence phenomenon to derive a framework for optimizing key
design parameters; the presented theory is experimentally
validated to confirm the translation to practical implementa-
tion. Section V details the experimental setup as well as the
signal processing and image reconstruction algorithm before

presenting the proof-of-concept end-to-end imaging results.
Finally, Section VI summarizes the key contributions of this
work and proposes future work that will further advance the
robustness of our system.

II. RELATED WORKS
In this section, we highlight the shortcomings of conventional
imaging technologies (i.e. sonar, radar, and lidar) as well as
of surface vibrometry – an emerging approach in application
to high-throughput, airborne imaging of underwater.

A. SONAR
As we have previously described, sonar is a fitting in-water
sensing system primarily by virtue of its low attenuation
in water and thus long-range imaging capability. For this
reason, sonar is also attractive for our airborne system which
aims to scale to imaging significant depths in water. Unfortu-
nately, soundwaves do not transmit well through the air-water
interface as a result of a large acoustic impedance mismatch
between the two media. The transmission loss (TL) of acous-
tic waves through the air-water interface can be calculated as:

TL = −20 log10

(
1−

∣∣∣∣Za − ZwZa + Zw

∣∣∣∣) = 65 dB. (1)

where Za is the acoustic impedance of air (∼420 Rayl) and
Zw is the acoustic impedance of water (∼1.5×106 Rayl) [20].
The significance of this transmission loss is that the amplitude
of the acoustic pressure wave diminishes by 65 dB as it
propagates through the interface. Commonly, the amplitude
of the acoustic pressure wave is quantified using a measure
known as sound pressure level (SPL) which is defined as:

SPL = 20 log10

(
p
pref

)
, (2)

where p is the root mean square (RMS) pressure and pref is
the reference pressure that we will take to be 1 µPa – the
typical reference for underwater sound [21].

If we were to attempt using a sonar system on an airborne
platform, the acoustic wave would encounter approximately
130 dB loss to the SPL: 65 dB as the soundwaves transmit into
the water and again another 65 dB as the echoed waves return
into air for detection. This two-way interface loss would be
problematic even with the most sensitive of receivers.

B. RADAR
Radio wave propagation in water is largely constrained as
a result of high absorption and thus limited penetration
depth. Extremely low frequency (ELF) and very low fre-
quency (VLF) radio waves have been historically used for
communication to submarines with frequencies in the range
of 3 Hz – 3 kHz for ELF or 3 kHz – 30 kHz for VLF; at these
frequencies penetration depths of 10m for VLF or as much as
100m for ELF can be achieved [22]. The wavelengths at these
frequencies, however, are on the order of tens of kilometers
requiring massive antennas with poor radiation efficiencies
[23]. Besides antenna restrictions, the large wavelengths and
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limited available bandwidth at these frequencies will prohibit
imaging with acceptable resolution. To design a system with
reasonable antenna sizes and sub-meter scale resolution,GHz
frequencies must be used where penetration depth in water is
on the order of millimeters [8], [9].

C. LIDAR
Out of the conventional active imaging approaches discussed
here, lidar proves to be the most applicable for underwater
imaging from an airborne platform. In the visible spectrum,
specifically with blue-green laser light, optical absorption
is as low as 0.5 dB/m [10] – permitting high penetration
depths in pure water. However, where lidar begins to fail is
in practical ocean environments where particulate matter of
considerable size relative to the short optical wavelengths is
suspended in the water.

Babin et al. [12] studied scattering of light at 555 nm
as a function of suspended particulate matter across several
coastal regions and bodies of water; this study is relevant
here due to the optical wavelength falling near the range of
minimum absorption. They found that the scattering coef-
ficient fell mostly within the range of 0.1 – 10 m−1 and
as high as 30 m−1 in coastal waters with extreme turbidity
[12]. Combining the effects of both optical absorption and
optical scattering, attenuation could range from 0.5 dB/m in
clear water to 45 dB/m in turbid water or even greater than
100 dB/m in extreme turbidity conditions. Despite ongoing
research for airborne lidar imaging of underwater [24]–[30],
the limited imaging depth and lack of robustness of these lidar
systems to turbidity – especially in coastal waters – warrants
exploration of alternative approaches that exploit favorable
underwater acoustic propagation.

D. SURFACE VIBROMETRY
Many works have studied the generation of an underwater
acoustic source through a non-contact manner for applica-
tions including communication and sensing [13]–[16], [31].
Typically, these solutions rely on a laser interaction with the
surface of water; the underlying physics of this interaction are
further described in Section III. As we previously explained,
the sensing systems employing this acoustic source mech-
anism detect the echoed acoustic waves through surface
vibrometry using an LDV. While these systems are able
to take advantage of underwater acoustic propagation, the
LDV detection faces many challenges in a practical imaging
system.

The use of LDVs is a common approach for non-contact
detection of acoustic signals in many applications [32].
In applications where spatial information is not critical, a sin-
gle point LDV can be used to detect acoustic pressure waves
with high sensitivities in the ballpark of 50 mPa/

√
Hz or

equivalently in SPL: 94 dB re. µPa/
√
Hz [33]. It is notable

that the high sensitivities achieved by LDVs in the liter-
ature are made possible through strong optical reflections
from the detection surface; sensitivity would be diminished
for the minimally reflective water surface [14]–[16], [31].

Antonelli et al. measured a minimum detectable signal of
120 dB re. µPa/

√
Hz using a commercial LDV on the surface

of water [14].
On the other hand, if it is desired to capture and reconstruct

an image, the LDV can be mechanically scanned across the
medium [33]–[37]. The stipulation here, however, is that
the measurement conditions remain static in order to have
robust synchronization of phases [38]. With a moving air-
borne platform and dynamic water surface, the requirement
for static measurement conditions is unlikely to be sustained
for the desired application. To overcome this limitation, there
has been much effort on the development of multi-point
or multi-beam LDVs which probe the detection surface
simultaneously in several locations [38]–[41]. To date, these
multi-point LDVs have been limited to a small number of
channels and prove to be expensive to scale. The limited
number of channels currently feasible for multi-point LDVs
cannot provide sufficient spatial sampling of the underwater
acoustic signals for large-scale imaging.

In the next section, we propose a system that enables detec-
tion of acoustic waves in air with highly sensitive air-coupled
transducers that can be easily scaled to provide the array
processing capability that is currently limiting the LDV-based
approaches. While our system also utilizes a laser interaction
with the surface of water for acoustic source generation,
we must carefully design the laser excitation such that it is
applicable for airborne ultrasonic detection.

III. OVERVIEW OF PROPOSED SYSTEM
A. SYSTEM CONCEPT
Photoacoustic imaging is an emerging modality in the med-
ical community that has made much progress over the past
decades due to its good optical contrast and high-resolution
[42]. In our sensing application, we employ the photoacoustic
effect not for its contrast or resolution but instead to capitalize
on both the favorable airborne propagation of optical energy
and the favorable underwater propagation of acoustic energy.
Herein, we introduce an airborne sonar system concept for
non-contact underwater imaging that utilizes the photoacous-
tic effect.

1) PROPOSED SYSTEM
A schematic of our proposed system is shown in Fig. 1.
A laser that is intensity modulated at the desired acoustic fre-
quency is used to excite acoustic waves via the photoacoustic
effect at the water surface; the generated acoustic waves
propagate underwater similarly to conventional sonar; the
acoustic waves reflect off of objects in the water and in some
part transmit through the air-water interface; high-sensitivity
CMUTs capture the acoustic echoes in air; post-processing
of received signals is performed to generate an image of the
underwater targets.

By exploiting laser-induced acoustics, we bypass the pen-
etration depth limitation of an all-optical or all-RF sys-
tem. Likewise, we prevent the transmission loss into water
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FIGURE 1. Schematic of proposed airborne sonar system with the
exciting laser and receiving ultrasound (US) transducers both on-board an
airborne platform which here is depicted as an Unmanned Aerial Vehicle
(UAV).

that would be encountered for a purely ultrasonic sys-
tem. Our hybrid optical-acoustic approach can operate at a
standoff – though not without challenges.

2) SIGNAL STRENGTH CHALLENGE
Ultrasonic imaging with CMUTs in air is a technically chal-
lenging problem that imposes a unique design space for this
new class of airborne imaging systems. Whereas the photoa-
coustic excitation of the acoustic source in water bypasses
the 65 dB transmission loss on the source side, the acoustic
echoes still encounter a one-way 65 dB loss as they propagate
from the water into air. This one-way transmission loss is still
substantial and poses signal-to-noise (SNR) challenges on
the received signals. To maintain high-sensitivity ultrasonic
detection despite the large acoustic impedance mismatch, the
CMUTs are designed to be narrowband, resonant sensors
with high quality factors [19]. In contrast to the wideband
LDV-based detection, the acoustic signals are now required
to have multiple cycles at the CMUTs’ resonance frequency
as depicted in Fig. 2 – demanding a different approach for
laser excitation of the underwater acoustic source.

B. LASER ACOUSTIC EXCITATION
There are effectively three mechanisms for generating under-
water pressure waves using a laser: dielectric breakdown,
vaporization, and thermoelastic expansion [43]–[46]. Each of
these mechanisms has their own advantages and disadvan-
tages that are application dependent.

1) DIELECTRIC BREAKDOWN
Dielectric breakdown of water occurs when a laser of
extremely high intensity, on the order of 100 MW/cm2,

is incident on the surface [43], [47], [48]. The strong elec-
tromagnetic fields in the water cause a plasma formation
that results in high-efficiency absorption of incident optical
energy. The plasma rapidly expands as its temperature rises
dramatically and detonates shortly after formation [43], [47].
This results in a detonation wave that propagates into the
water with extremely high SPL [49].

Despite the high pressure levels, this mechanism is less
than ideal for an imaging system. Firstly, this degree of
intensity often requires tight optical focusing on the sur-
face of water which is difficult to achieve with a dynamic
ocean surface [13]. In addition, the detonation wave has a
stochastic phase and travels arbitrarily faster than the speed
of sound which complicates coherent image reconstruction
[43]. Finally, in application to our system specifically, the
pressure wave is rather broadband and could not be efficiently
captured by our resonant, narrowband CMUTs.

2) VAPORIZATION
Vaporization, or the phase change of the water to vapor,
requires high energy density of the incident laser – greater
than 2.3 kJ/cm3 [13]. When vapor escapes from the water
surface, a recoil force is caused as momentum is transferred
[43], [45]. This force results in a broadband pressure wave
that is still high in SPL though lesser than that of the detona-
tion wave [44].

The vaporization mechanism has been used in laser-
induced acoustic communication to underwater receivers by
relying on on-off keying techniques [15], [50]. However, the
pressure waves generated through the vaporization mecha-
nism are not apt for an imaging system. Whereas the pres-
sure waves now travel at the speed of sound in water, they
remain stochastic in phase, are broadband, and result from
a nonlinear process that is complicated to model and handle
analytically [43].

3) PHOTOACOUSTIC EFFECT
Thermoelastic expansion, which when induced by a laser is
often referred to as the photoacoustic effect, is the process
of volumetric expansion of the water upon heating [46]. This
volumetric expansion results in a propagating pressure wave
in the water that is of lesser SPL than can be generated by the
other two mechanisms [43]–[46].

The advantage of photoacoustic excitation of the underwa-
ter acoustic source is that it is a linear process – meaning that
the intensity modulation of the incident laser directly controls
the amplitude and phase of the pressure wave [46], [51],
[52]. The linear nature of the photoacoustic effect thus allows
us to excite resonant acoustic waves at the desired acoustic
frequency [43], [53] while enabling coherent processing for
image reconstruction. When exciting acoustic waves at the
surface of water, the photoacoustic conversion efficiency is
no longer optimized with highest optical absorption – as it
is in conventional medical photoacoustic imaging [42], [46].
Section III presents in-depth analysis of the photoacoustic
effect at the surface of water, which articulates the need for
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careful design of key system parameters in such non-contact,
narrowband imaging systems.

C. AIRBORNE ULTRASOUND DETECTION
In medical ultrasound [54] and photoacoustic imaging [55],
a coupling medium is required to improve the impedance
matching of the transducer to the skin and tissue. Without the
coupling medium, the existence of air gaps prohibits acoustic
detection by the transducer elements not in perfect contact.
As discussed earlier, this is due to the sizable impedance
mismatch between air and tissue and is analogous to why our
system is SNR-constrained. The impedancemismatch and the
corresponding transmission loss of the acoustic waves from
water to air is inherent to our airborne system and must be
compensated for with high receiver sensitivity.
Air-Coupled CMUTs: To compensate for the large 65 dB

loss, we utilize air-coupled CMUTs. CMUTs are proving to
be a superior solution to piezoelectric transducers for the
problem of efficiently receiving sound waves in air [56], [57].
These transducers are simple capacitors with a thin plate that
is set into vibration by impinging ultrasound waves [58].
The displacement of the thin plate results in a change in
capacitance that is in turn detected by interfacing the CMUT
with appropriate electronic circuitry. The high efficiency of
CMUTs is due to the large DC electric field across the
electrodes (plate and substrate) which permits good signal
transduction and the fact that the thin vibrating plates have
a mechanical impedance that is well-matched to air [56].

The CMUT used herein operates at a center frequency of
71 kHz and has been previously reported in prior works [19],
[59], [60]. TheCMUTwas designed to operate at a low acous-
tic frequency to limit the attenuation in air: approximately
165 dB/m at 1MHz, while only 3 dB/m at 100 kHz [61]. It is
clear that operating at acoustic frequencies in theMHz-range
would limit receiver standoff to a few centimeters; however,
at lower acoustic frequencies, meter standoffs are possible
with reasonable attenuation while still achieving cm-scale
resolution [19].

The detection sensitivity of the 71 kHz CMUT
is 5.5 µPa/

√
Hz or in SPL: 14.8 dB re. µPa/

√
Hz. To com-

pare this sensitivity to the LDV-based detection meth-
ods, we can add back the 65 dB in transmission loss
across the air-water interface to have a fair comparison.
Doing so, we note detection sensitivity on the order of
80 dB re. µPa/

√
Hz for acoustic waves incident on the

water surface. This is considerably more sensitive than LDV
detection – especially that reported by Antonelli et al. of
120 dB re. µPa/

√
Hz. In addition, even more sensitive

air-coupled CMUTs have shown greater than 13 dB better
sensitivity than those used in this work [17].

This level of sensitivity, however, comes with a
sensitivity-bandwidth trade-off in order to limit the noise
contribution. The device has a fractional bandwidth of 3.5%,
or equivalently a high quality factor (Q) of 28.5. This limited
bandwidth requires multiple impinging acoustic cycles at
the CMUT’s resonance frequency in order to ring up to full

FIGURE 2. (a), (b) Top: Number of acoustic cycles incident on CMUT;
Bottom: Corresponding CMUT response to the above number of cycles,
(c) Maximum amplitude of CMUT response versus the number of incident
acoustic cycles.

sensitivity as illustrated in Fig. 2. For our SNR-constrained
system, the additional sensitivity gained through multiple
cycles is critical.

The multi-cycle, narrowband source requirement is in con-
trast to other sensing modalities which aim to use either short,
delta-like pulses or wideband frequency-domain signals
for enhanced imaging resolution [62]. Despite the narrow-
band CMUTs, with a sufficiently large aperture our system
achieves reasonable imaging resolution on the order of the
acoustic wavelength [19], which is approximately 2 cm in
water for a 71 kHz acoustic wave.

Whereas the CMUTs are critical for high-sensitivity detec-
tion and array processing capability, the low frequency, nar-
rowband source requirement imposes new challenges that
are not common in traditional imaging systems and thus has
required us to perform thorough analysis and novel design.

IV. SYSTEM ANALYSIS & DESIGN
In this section, we analyze the photoacoustic excitation of
acoustic waves at the surface of water. As will be described,
there is an acoustic interference phenomenon that presents
a fundamental challenge and imposes strict design con-
straints particularly on the laser wavelength. By analyzing the
laser-water interaction, we discuss heuristics for selecting the
laser wavelength and acoustic frequency. We also investigate
the impact of the laser beam radius on the propagation of the
underwater acoustic waves.

When the optical energy is absorbed at the surface of water,
a propagating pressure wave is generated via the photoacous-
tic effect and is governed by the wave equation [42]:(

∇
2
−

1
v2s

∂2

∂t2

)
p(r, t) = −

β

Cp

∂h(r, t)
∂t

, (3)

where vs is the speed of sound, p(r, t) is the acoustic pres-
sure at position r and time t , β and Cp are the thermal
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FIGURE 3. (a) Photoacoustic-generated waves due to thermal volumetric expansion, (b) Reflected acoustic wave off a mechanical discontinuity, (c) Net
acoustic wave which is the coherent sum of the generated and reflected acoustic waves, (d) Role of optical absorption in the superposition of the
reflected wave with the downward propagating wave.

expansion coefficient and specific heat capacity of the
absorbing medium, and h(r, t) is the heating function defined
as the power deposited per unit volume by the optical
excitation. The heating function encapsulates all aspects of
the system design as the remainder of the variables are
medium-dependent.
Acoustic Wave Reflections: It is important to analyze the

wave equation in order to optimally design our heating func-
tion (or the incident optical energy) and maximize the SPL of
the propagating pressure wave and thus SNR at the receivers.
Before doing so, it is useful to qualitatively consider the
photoacoustic interaction to gain intuition into the results of
a more rigorous analysis.

As shown in Fig. 3(a)-(c), an optical absorber expands and
generates outward propagating pressure waves when there
is no impeding boundary; however, when a medium of high
contrast in acoustic impedance is present, the pressure wave is
reflected due to the mechanical discontinuity. In the context
of laser absorption at the water surface, the air-water interface
is that mechanical discontinuity which results in a reflected
wave that will superimpose with the downward propagating
wave.

The impact of the reflected wave needs to be carefully con-
sidered when selecting the laser wavelength, which dictates
the degree of optical absorption. As depicted in Fig. 3(d):
if the laser is strongly absorbed in a depth much smaller
than the acoustic wavelength, the reflected wave will have a
strong destructive interference effect; however, if the laser has
lesser absorption, the reflected wave can align in-phase with
the downward propagating wave culminating in a larger net
wave. In Fig. 3(d), it is important to note that a laser which
has lower optical absorption has a less efficient conversion
of optical energy to acoustic energy [42], [46] resulting in
the initial waves having smaller amplitude. That being said,
to maximize the SPL of the net wave, there is a trade-off
between interference and opto-acoustic conversion efficiency

TABLE 1. Definition of design equation symbols.

that will result in an optimal degree of optical absorption and
thus an optimal laser wavelength.

Whereas Fig. 3 depicts a high-level qualitative analysis,
a more rigorous analysis can be performed by solving the
photoacoustic wave equation. As will be shown, the derived
design equation provides insight into the primary degrees-of-
freedom of our system.

A. DESIGN EQUATION
The solution to the wave equation in (3) assuming a Gaussian
laser beam is [50], [63]:

P(r, ω)=
−Tωβ
2Cp

H0H̃ (ω)e−jkr

r
µkcosθ

µ2 + k2cos2θ
e−k

2a2sin2θ/4,

(4)

where the equation symbols are defined in Table 1. More
details for the derivation of (4) can be found in the Appendix.

The time-domain expression of the pressure wave can
be computed as the real part of the inverse Fourier Trans-
form of (4); however, since our system exploits narrowband
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FIGURE 4. Optical absorption coefficient in pure water as a function of
the laser wavelength.

acoustic waves, the frequency-domain form of the solution
is convenient. Whereas in this work we focus on single fre-
quency acoustic signals, (4) could also be solved for wide-
band optical modulation functions such as conventionally
used nanosecond photoacoustic excitations through a Fourier
decomposition.

We can determine pertinent system parameters through
optimization of the design equation in (4) which shows the
controllable parameters as the laser wavelength, laser beam
radius, and acoustic frequency while the remainder of the
variables are medium-dependent.

B. LASER WAVELENGTH
In conventional photoacoustic imaging, it is typical to choose
a laser wavelength that is strongly absorbed to ensure max-
imum efficiency conversion of optical energy to acoustic
energy [42], [46]; the relationship between laser wavelength
and optical absorption coefficient in water is depicted in
Fig. 4. If this principle is applied here, one may select a
10.6 µm laser wavelength [13] which is commercially avail-
able and is highly absorbed by water; this choice of laser
would ultimately result in severe destructive interference and
appreciable loss in SPL for our excitation. When the optical
excitation of acoustic waves occurs at the interface of media
with a considerable acoustic impedance mismatch, the anal-
ysis below proves to be more insightful for selecting a laser
wavelength.

1) OPTIMAL WAVELENGTH
Here, we analyze (4) to determine the optimal laser wave-
length for our system. The optimal laser wavelength is that
which has the absorption coefficient in water that maximizes
the SPL of the net pressure wave, or the superposition of the
reflected wave with the downward propagating wave.

For simplicity of this section and since it is desired to
maximize the SPL of the wave propagating to the depth
of water, we consider (4) where θ = 0 or on the z-axis

FIGURE 5. Comparison of the impact of destructive interference on a
71 kHz sinusoidal excitation versus a broadband 50 ns pulse excitation.

(see Fig. 13):

P(z, ω) =
−Tωβ
2Cp

H0H̃ (ω)e−jkz

z
µk

µ2 + k2
. (5)

Note that (4) and (5) are expressed in terms of spectral
magnitude, but that they can be converted to SPL using (2).
The third term of this expression shows that the SPL of the
pressure wave has a bandpass structure as a function of the
optical absorption coefficient µ. The regions of this term are
as follows:

µ < k: Inefficient opto-acoustic conversion
µ = k: Optimal degree of absorption
µ > k: Destructive interference of waves

This term and consequently the SPL of the net pressure
wave are optimized when the optical absorption coefficient
is equal to the acoustic wavenumber, i.e. µ = k [63].
Whereas in this work we are focused on single frequency
acoustic waves, in the case of wideband laser excitations, the
destructive interference effect would still attenuate the low
frequency components where µ > k .

In the case of wideband excitations, however, the impact
of destructive interference is less detrimental to the system
performance. We refer to [13] as an example which uses a
50 ns pulse width and a 10.6µm laser. A 50 ns pulse width has
a first-null bandwidth of 20 MHz. The acoustic wavenumber
in water at 20 MHz is approximately 80,000 m−1 while the
optical absorption coefficient at 10.6 µm nears 100,000 m−1

as shown in Fig. 4. This means that for the bulk of the
frequency content in the 50 ns pulse, µ > k and destructive
interference is attenuating the resultant SPL. In this case,
however, since the generated acoustic waves are broadband
and consist of higher frequencies, the net SPL of the pressure
wave is less sensitive to the optical absorption coefficient.
This can be seen in Fig. 5 which plots the solution to (5) at the
resonance frequency of our CMUTs (i.e. ω = 2π · 71 kHz)
and the integration over the solution to (5) evaluated for the
frequency content in a 50 ns pulse excitation.
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FIGURE 6. Normalized SPL at z = 20 cm as a function of the optical
absorption coefficient for a 71 kHz modulated laser with peak power of
500 W . Measurement results are scattered over the theoretical curve.

For our 71 kHz excitation a steep optimum absorption
coefficient exists after which destructive interference largely
attenuates the SPL. On the other hand, for the 50 ns pulse, the
destructive interference does not result in the SPL being as
sensitive to the optical absorption coefficient. As a result, the
choice of laser in [13], while far from the optimal absorption
coefficient, does not impact the SPL considerably. There-
fore, while this analysis of the optimal laser wavelength has
been noted in other works [50], [63], it becomes critical
for applications with CMUT detection where low-frequency,
narrowband acoustic waves are used, i.e. where k is low.

2) EXPERIMENTAL VALIDATION
In Fig. 6, we again plot (5) at the resonance frequency of our
CMUTs but now on a log-scale of the absorption coefficient;
this is done for clarity of the representation. In the plot,
we compare the analytically predicted SPL to the experimen-
tally measured SPL using a calibrated hydrophone at a z =
20 cm depth in water. For the experiment, we use a modulated
1070 nmmulti-modal laser with 500W peak power. Whereas
a fixed laser wavelength has a fixed optical absorption coef-
ficient in pure water, we incrementally increase the optical
absorption coefficient artificially by adding black ink. For
each addition of black ink, the absorption coefficient is deter-
mined through an optical transmission measurement similar
to that performed in [64]; it is confirmed experimentally that
the black ink has negligible impact on the acoustic properties
of the water.

Both analytically and experimentally, we see the impact
of the reflected wave: as the absorption coefficient increases
beyond the optimum of µ = k , the net SPL decreases as a
result of destructive interference.

The laser wavelength that results in µ = k for 71 kHz
in pure water is 1250 nm as read from Fig. 4. For context,
if we select a 10.6 µm laser based on the principles of
conventional photoacoustic imaging or following the work

in [13], we would sacrifice almost 45 dB in SPL due to the
destructive interference.

C. ACOUSTIC FREQUENCY
While we use a 71 kHz CMUT (due to current availability)
in the experimental results section of this work, the optimal
laser wavelength depends on the acoustic frequency as seen
by the relation µ = k . Therefore, in a final system design,
optimizing the laser wavelength should not be decoupled
from selecting an appropriate acoustic frequency. Instead, one
could maximize the SNR of the system by finding the pair
of acoustic frequency and laser wavelength that are jointly
optimized.

Assuming the bandpass term discussed above can be later
maximized through proper selection of laser wavelength, one
can see that (4) shows a linear dependence on acoustic fre-
quencyω. This suggests that the SPL of the net pressure wave
can be maximized at higher frequencies; however, this equa-
tion does not capture propagation effects. To fully optimize
over the link budget for SNR at the receiver using acoustic
frequency as a design knob, one could use the following
relationship:

PCMUT (ω) ∝ ω
µk

µ2 + k2
Aw(d)Aa(h), (6)

where:

Aw(d) = 10−αw(ω)∗d/20, (7)

Aa(h) = 10−αa(ω)∗h/20. (8)

In these expressions, PCMUT is the pressure at the CMUT
receiver, d is the round-trip distance traveled in water, h is
the receiver height in air, and αw and αa are the attenuation in
water [65] and air [61] with units dB/m as shown in Fig. 7.
This neglects frequency dependent scattering off of the targets
since this is difficult to know a priori. Nevertheless, over the
small range of useful frequencies limited by attenuation, this
would likely be frequency insensitive.

The expression in (6) can be used to frame the system
design: for a desired receiver height in air and maximum
imaging depth, the optimal laser wavelength and acoustic
frequency pair that maximizes (6) can be found. For clarity,
Fig. 8 depicts an example of this trade-off space by using the
relationship of optical absorption coefficient to laser wave-
length shown in Fig. 4. It is clear that the optimal system
parameters are less impacted by distance travelled in water
and are heavily influenced by the acoustic attenuation in air
and thus height of the receivers.

Ultimately, when designing a system that utilizes com-
mercially available lasers, one will not have the freedom to
choose the optimal laser wavelength with any desired amount
of optical power. Instead, it would be valuable to further
append (6):

PCMUT (ω) ∝ ω
µik

µ2
i + k

2
Hi(ω)Aw(d)Aa(h), (9)
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FIGURE 7. Attenuation in water (left) and air (right) up to 200 kHz
acoustic frequency. The solid line corresponds to water or the left axis
and the dashed line to air or the right axis.

FIGURE 8. Optimum laser wavelength (right) and acoustic frequency (left)
as a function of (a) the receiver height in air with d = 40 m and (b) the
imaging depth in water with h = 3 m. Note the difference in scale for
receiver height and imaging depth.

where the subscript i denotes the commercially available
options with output power Hi(ω) and wavelength that corre-
sponds to the optical absorption coefficient µi.

FIGURE 9. Normalized directivity (dB) of a 71 kHz acoustic source for
laser beam radii of 1 mm and 1 cm. Measurement (m) results are
scattered over the corresponding theoretical (t) plots.

FIGURE 10. Possible imaging modes for our system and their relation to
the laser beam radius. Left: Side-scan operation. Right: Synthetic aperture
operation.

Whereas low-power diode lasers are available at nearly
any wavelength, Ytterbium-doped lasers near 1064 nm and
Erbium-doped lasers near 1550 nm are some of the most
common high-powered lasers with nearby wavelength to the
range found in Fig. 8. That being said, one could use (9) to
deviate from the optimum laser wavelength while still maxi-
mizing SNR when deciding between commercially available
lasers.

D. LASER BEAM RADIUS
Here, we discuss the impact of the laser beam radius (a) on
the underwater propagating pressure waves. Fig. 9 plots (4)
as a function of the angle in water (θ) for two different beam
radii: 1 mm and 1 cm. This is confirmed experimentally with
careful alignment of the calibrated hydrophone at a constant
distance from the source of r = 20 cm. These measurements
are performed in water with a level of black ink that results
in µ = k; it is important to note that the directivity pattern
for a given laser beam radius is a function of the absorption
coefficient and acoustic frequency.

As seen in the plot, the acoustic directivity, or the focusing
of the acoustic energy, increases with larger beam radius;
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FIGURE 11. The experimental setup used to capture end-to-end airborne imaging of underwater. The coordinate system used
for the derivation of the image reconstruction algorithm is noted on the water surface.

however, the SPL at θ = 0 remains constant. The focusing
that is observed is a result of the acoustic source having a
larger transmitting aperture size. The fact that the SPL is
constant at θ = 0 is a surprising result at first glance. In con-
ventional radar, sonar, and lidar, increasing the transmitting
aperture size with a constant power results in higher power
density that can be captured by a receiver in the direction
of the focusing. This results in a trade-off between SNR
which can be gained with greater focusing and field-of-view
which is reduced with greater focusing in these conventional
imaging modalities [6], [23].

For our system, Fig. 9 shows that we can use a smaller
beam radius to gain field-of-viewwithout loss to SNR – effec-
tively breaking the above-mentioned trade-off. The trade-off
does not hold for our application due to the fact that the
pressure generated via the photoacoustic effect is a function
of laser intensity and not laser power; therefore, a smaller
beam radius results in higher laser intensity that compensates
for the loss in SNR that would otherwise be expected when
increasing field-of-view.

This concept is important depending on which imaging
mode the system is operating in. For example, if our sys-
tem uses real aperture processing it would be desired to
have limited field-of-view; however, if our system oper-
ates with synthetic aperture processing, a larger field-of-
view is preferred. A depiction of these imaging modes and
their relation to the laser beam radius is shown in Fig. 10.
In conventional sonar imaging, these two imaging modes are
referred to as side-scan sonar and synthetic aperture sonar.
We direct the interested reader to [6] and [66] for more

information on applications where each imaging mode is
adopted.

V. EXPERIMENTAL RESULTS
The analysis discussed in the previous section has aided the
design of a system which can successfully image underwater
targets in a fully non-contact manner.

A. EXPERIMENTAL SETUP
The system proof-of-concept has been developed as shown
in Fig. 11. Here we use the previously described 71 kHz
CMUT, though future developed CMUTs with different res-
onance frequencies could permit a more optimized design
that follows the framework depicted in Fig. 8. Whereas
our analysis above indicates that the ideal laser wavelength
(assuming pure water) for a 71 kHz acoustic frequency is
around 1250 nm, this optical wavelength is not commercially
available with relatively high optical power. As a result,
we choose to operate with a Ytterbium laser at 1070 nmwhere
peak optical powers in the kilo-Watt range are available in
fiber laser modules. We determined that the deviation from
the optimal wavelength is more than compensated for by the
available optical power by using (9).

To couple the optical beam to free space, we use a
fiber-terminating collimator. Optical intensity modulation
frequencies in the kHz-range are not easily achieved directly
from laser modules, so we opt for external modulation
through the use of an acousto-optic modulator (AOM) [67].

After generation of acoustic waves in water through the
photoacoustic effect, the echoes from the targets are received
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FIGURE 12. (a) Ground truth object distribution, (b) Example CMUT received signal, (c) Reconstructed image of captured measurements using our
airborne sonar system.

in air by the CMUT receiver. The CMUT analog front-end
electronics convert the changes in capacitance to a voltage
signal through a low-noise transimpedance amplifier (LNA)
and subsequent voltage amplification stages. The signals are
coherently detected as the CMUT is mechanically scanned
in the x-direction and are digitized and then fed to the digital
signal processing stage. The primary signal processing step is
the frequency-domain filtering around the CMUT bandwidth
to eliminate out-of-band noise that is introduced by the analog
front-end circuits. It is worth noting that the height of the
CMUT from the surface of water is chosen to be 10 cm for the
proof-of-concept experiments but could be scaled to several
meters in more realistic system demonstrations.

B. IMAGE RECONSTRUCTION ALGORITHM
To reconstruct an image with sufficient resolution, we must
either implement a large physical array of CMUTs or capture
sufficient data through a synthetic aperture. By mechanically
scanning the CMUT receiver and ensuring coherent detec-
tion, we mimic simultaneous detection with a large physical
array of CMUTs, i.e. we implement a synthetic aperture.
In our experiments, the extent of this synthetic aperture
is 35 cm.

The development of synthetic aperture radar (SAR) image
reconstruction algorithms dates back several decades due to
the deployment of aerial and satellite imaging systems [68].
The conventional SAR algorithms, however, are intended for
image reconstruction in a homogeneous medium and are not
effective for our applicationwhere the propagation spans both
air and water.

More recently, interest in image reconstruction in inhomo-
geneous media for applications such as through-wall imaging
and medical imaging has led to the development of a piece-
wise SAR (PW-SAR) algorithm [69] which permits imaging
in layered structures – as we have in our application.

For a synthetic aperture in air, we collect the received
data which can be denoted as s(x, z = h, t) following the
coordinate system noted in Fig. 11. The PW-SAR algorithm
migrates this data to the object locations in space through
phase migration of plane waves. The plane waves can be
decomposed from the received data through Fourier Trans-

forms over both time and the spatial variable x yielding
S(kx , z = h, f ) where kx is the spatial-frequency variable and
f is the time-frequency variable. To migrate the plane waves,
the PW-SAR imaging equation is used:

0(x ′, z′) =
∑
f

F−1x {S(kx , z = h, f ) · ej(kz,ah+kz,w|z
′
|)
}, (10)

where0(x ′, z′) is the reconstructed image, F−1x represents the
inverse spatial Fourier Transform, and kz,i is found through
the dispersion relation:

k2i = k2x,i + k
2
z,i, (11)

where ki is the acoustic wavenumber in medium i and kx,i
and kz,i are its spatial components in the x and z directions.
In (10), i = a refers to the air medium and i = w refers to
the water medium. More details on the full implementation
of the PW-SAR algorithm can be found in [69].

Here, we must further modify the PW-SAR algorithm to
enable image reconstruction for a bistatic imaging geom-
etry; our application is bistatic since the acoustic source
exists at the surface of water while the acoustic detection
is at the airborne platform. The PW-SAR imaging equation
in (10) combined with the dispersion relation in (11) solely
accounts for phase accumulation from the object location
(x ′, z′) to the receivers. In our system, phase is also accumu-
lated from the point of optical absorption (x0, z0 = 0) to the
objects. To implement this phase correction, we augment the
PW-SAR imaging equation:

0(x ′, z′) = ejkwr
∑
f

F−1x {S(kx , z = h, f ) · ej(kz,ah+kz,w|z
′
|)
},

(12)

where r is the radial distance from the point of optical absorp-
tion to the object location and can be defined as:

r =
√
(x0 − x ′)2 + (z′)2. (13)

C. IMAGING RESULTS
Using the modified PW-SAR algorithm following a synthetic
aperture data capture with the CMUT receiver, we reconstruct
the image shown in Fig. 12(c).
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In Fig. 12(a), the true distribution of the underwater targets
(optical rods) is shown. The optical rods are placed such
that they are perpendicular to the CMUT scan direction. The
targets and their placement were chosen to reduce the dimen-
sionality of the problem to two-dimensions. Future imaging
experiments will perform a two-dimensional CMUT scan
which will permit three-dimensional underwater imaging of
more complex objects. In addition, the depth of the targets
is currently limited by the dimensions of the water tank and
is not fundamentally constrained; Fig 12(b) shows that the
signals reflected from the targets are received with plenty of
SNR despite using only a fraction of the laser’s peak power
for the experiment.

The reconstructed image in Fig. 12(c) clearly shows the tar-
gets positioned at the correct locations. Artifacts in the image
are primarily a result of clutter due to multiple reflections
off of the water tank walls as well as those that are inher-
ent to narrowband imaging systems. Our future work aims
to incorporate multi-frequency CMUTs to improve imaging
resolution and suppress the artifacts that arise from image
reconstruction with narrowband signals.

Whereas previous works [13], [14] have been limited to
collecting one-dimensional signals similarly to those shown
in Fig. 12(b), our proof-of-concept system has successfully
demonstrated a reconstructed image – allowing for spatial
localization of underwater objects.

VI. CONCLUSION
In an imaging scenario where conventional sensing tech-
nologies fail, our hybrid optical-acoustic system has success-
fully demonstrated underwater acoustic imaging in a fully
airborne manner for the first time. By exploiting the linear
photoacoustic effect, this system capitalizes on the benefits
of underwater acoustic propagation and permits high sensi-
tivity acoustic detection in air using low-frequency CMUTs
that enable array processing. Unlike optical imaging, the
underwater acoustic nature of our system is more robust in
turbid waters and at greater depths and has high potential for
future scalability and large-scale deployment. In comparison
to previous works aiming to design an airborne sonar system
[13]–[16], this work goes beyond capturing one-dimensional
signals by reconstructing the first image of its kind that allows
for localization of embedded underwater objects.

To achieve this, we derive a solution to the photoacoustic
wave equation which we use to guide our design within a
design space that is not well explored in the literature. The
analysis and design framework presented in this paper could
also be applied to many other application spaces involving
laser-induced acoustic generation at the surface of an opti-
cally absorbent medium via the photoacoustic effect. In non-
contact non-destructive testing, the laser excitation typically
exploits the linear photoacoustic mechanism to prevent dam-
age that would be caused by the ablative or dielectric break-
down mechanisms [70]. In addition, the medical imaging
applications must also be in the linear photoacoustic regime
to satisfy the ANSI limits for optical exposure [34]. With this

in mind, the analysis herein is particularly valuable especially
if non-contact ultrasonic detection with CMUTs is explored
for these applications [34]–[37], [70]–[75].

While there are clear advantages of the proposed system
over conventional remote sensing techniques, there are many
challenges that remain to be addressed. Future work includes
investigating the influence of ocean waves on our system’s
purely ultrasonic detection, scaling to CMUT arrays which
may incorporate multiple frequencies for imaging resolution
enhancement, and performing larger scale imaging experi-
ments in more realistic environments.

APPENDIX
DERIVATION OF DESIGN EQUATION
The wave equation provided in (3) can be effectively solved
in the frequency-domain by first taking the Fourier Transform
with respect to time:(

∇
2
+ k2

)
P(r, ω) = −

jωβ
Cp

H (r, ω), (14)

where k is the acoustic wavenumber, ω is the angular fre-
quency, and the capital letters P and H are used to signify the
frequency-domain representation of the pressure and heating
function. This equation is referred to as the Inhomogeneous
Helmholtz Equation which has the unique solution of the con-
volution of the source function with the appropriate Green’s
Function if the Sommerfeld radiation boundary condition is
invoked [76]:

P(r, ω) =
jωβ
Cp

∫
IR3

G(r− r′)H (r′, ω)dr′. (15)

Here, the primed variable is used to represent locations within
the source distribution or equivalently the region of optical
absorption. To effectively capture the reflected wave off the
interface, the Green’s Function that enforces the free-surface
boundary condition is applied [77]:

G(r− r′) =
e−jk|r−r

′
|

4π |r− r′|
−

e−jk|r+r
′
|

4π |r+ r′|
. (16)

The first term of the Green’s Function in (16) accounts
for the downward propagating wave while the second term
realizes the reflected wave. The heating function contains all
system design parameters and is separable in space and time:

H (r′, ω) = h(r′)H (ω), (17)

where h(r) is the spatial distribution of the optical absorption
and H (ω) is the Fourier Transform of the optical intensity
modulation function.

Invoking a far-field assumption results in a solution to the
Inhomogeneous Helmholtz Equation that is generally appli-
cable to any heating function:

P(r, ω) =
jωβ
Cp

H (ω)e−jkr

4πr

∫
IR3

h(r′)(ejkr
′

− e−jkr
′

)dr′. (18)

The remaining exponential terms within the integration are
the phase compensation terms that account for the forward
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FIGURE 13. Coordinate system assumed in the derivation and solution to
the photoacoustic wave equation.

propagating wave and reflected wave. Assuming a Gaussian
laser beam with radius a and peak power H0, the complete
frequency-domain solution to the wave equation is [50], [63]:

P(r, ω)

=
−Tωβ
2Cp

H0H̃ (ω)e−jkr

r
µkcosθ

µ2 + k2cos2θ
e−k

2a2sin2θ/4, (19)

where T is the optical transmission coefficient into the water,
µ is the optical absorption coefficient, H̃ (ω) is the normalized
optical modulation function, and θ and φ are the angles
depicted in Fig. 13. Since the laser beam is assumed to be
Gaussian, the pressure distribution is cylindrically symmet-
ric, or is constant across φ.
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