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Abstract. We developed an underwater three-dimensional (3-D) imaging sensor using a 532-nm laser.
The sensor system combines a dome lens with coaxial optics to realize a wide-scanning angle of
120 deg ðhorizontalÞ × 30 deg ðverticalÞ while having a compact size of 25-cm diameter and 60-cm length.
A detector sensitivity time control circuit and a time-to-digital converter are used to detect a small signal
and suppress the unwanted backscattered signals due to marine snow. 3-D imaging of the seafloor with
20-m width and 60-m length was demonstrated in the sea around Ishigaki Island, Japan. © The Authors.
Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE.56.3.031212]
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1 Introduction
Detailed three-dimensional (3-D) imaging of the surface of
the seafloor is essential for underwater exploration.1,2

Currently, the most widely used technology for exploration
is sound navigation and ranging (SONAR), because acoustic
waves can propagate through a long distance in water.
However, SONAR suffers from unwanted multipass echoes
that are due to reflections from the surrounding terrain.
Thus, high-resolution underwater imaging using SONAR
is difficult.

Alternatively, 3-D imaging on the surface of the seafloor
has been proposed using laser-based structured light3–6 and
time-of-flight (TOF)7–10 techniques. In these sensors,
unwanted multipass signals are greatly reduced since the
laser beam exhibits high directivity. Thus, high spatial res-
olution can be more easily achieved in 3-D imaging using
these laser-based approaches.

In particular, 3-D imaging by structured light is advanta-
geous because it reduces the influence of backscattering sig-
nals from marine snows. On the other hand, for long distance
measurements, a minimum distance between the receiver and
transmitter is necessary, which can be problematic in prac-
tice, especially if a compact design is required. The measure-
ment distance and accuracy depend on the distance between
the receiver and transmitter.

On the other hand, TOF methods can overcome this issue
and result in a compact design. In particular, a more compact
design is possible using a coaxial setup. Furthermore, unde-
sired signals from marine snows can be discriminated from
the desired signal from the seafloor using TOF information.
Finally, obtaining high measurement precision at a long

distance only depends on obtaining a sufficiently high
signal-to-noise ratio (SNR), and not on the distance between
the transmitter and receiver.

These factors, i.e., compactness, reduction of signals from
marine snows, and relatively long-range imaging, are essen-
tial for seafloor exploration with autonomous underwater
vehicles (AUVs) and remotely operated vehicles (ROVs).
However, the main issue with conventional TOF sensors
is their narrow sensor field-of-view (FOV), caused by a flat
laser window. The window size is limited by underwater
pressure resistance requirements. For this reason, Refs. 7–10
limit the scanning angle of the laser beam to 30 deg. In
contrast, we demonstrate a scanning laser sensor for
underwater 3-D imaging with a wide-scanning angle of
120 deg× 30 deg and compact size of 25-cm diameter
and 60-cm length.

2 Sensor Architecture
Figure 1(a) shows the block diagram of the system. The
transmitter is a 532-nm pulsed laser with a peak power of
5 kW, pulse width of 1 ns, and repetition rate of 50 kHz.
We use the blue-green laser wavelength region because that
wavelength has high transmittance in the water. The laser
beam is transmitted to the seawater through the dome lens
which has an inner diameter of 15 cm. The beam is scanned
in a region of 120 deg ðhorizontalÞ × 30 deg ðverticalÞ by
a horizontal polygon scanner with vertical tilting, and the
scanning speed of both directions is variable. The reflected
light from the target is received through the dome lens and
the polygon scanner and focused into a microchannel plate
photomultiplier tube (MCP-PMT) which has a 250-ps rise
time response. The true spatial resolution is determined
by one of (1) beam divergence, (2) beam size at the sensor
output, (3) angle spacing of transmitting beam spot, and
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(4) instantaneous FOV (IFOV). If the distance to the target is
short or the water is clear, one of (1)-(3) determines the true
spatial resolution. In the cases of turbid water especially for
longer target distance cases, the backscattering in the water
degrades the spatial resolution and the IFOV determines the
resolution in many cases. The beam divergence is 0.002 deg,
the beam size at the sensor output is 10 mm, and the angle
spacing of the transmitting beam spot is 0.3 deg (horizontal)
and 1 deg (vertical). The IFOV of the receiving optics is
1.2 deg respectively.

The received signals are compensated using a sensitivity
time control (STC) circuit in which the reception gain is
increased according to the TOF in order to compensate
the attenuation effect of the signal intensity in the water.
Subsequently, the TOF and the received signal intensity—
which correspond to target distance and target reflectance—
are measured by the counter and the peak hold circuit. The
peak hold circuit is the simple capacitor type. A digital signal
processor generates the system clock to control the system
components, stores the TOF and intensity data of each
frame, and transports them to a personal computer via a
local area network. The container has pressure resistance for
a water depth of 500 m and a size of 25-cm diameter and
60-cm length.

The sensor has several desirable features. In particular,
a wide-scanning angle, combined with the pressure resis-
tance and compactness of the sensor, is realized by appropri-
ately configuring the dome lens and coaxial transmitter and

receiver optics. Here, the reflective index of the seawater at
532-nm wavelength is extrapolated with 1.335, since the
index at 486 nm is 1.3371 and 589 nm is 1.333.11 If a flat
window is used instead of a dome lens, the sensor FOV is
limited to �50 deg by the critical angle of the received
light. This limitation can be negligible using the dome lens,
and a wide beam scanning is possible. In this system, the
120 deg of horizontal angle is scanned using a polygon mir-
ror. The 30 deg of vertical angle is scanned by tilting the
polygon mirror in a direction perpendicular to the polygon
rotating direction. However, there exists a strong internal
reflected light from the dome lens, which can cause damage
to the MCP-PMT or is blind up to a minimum range. To
avoid this issue, we designed the scanning center of the trans-
mitting beam to be slightly shifted from the center of the
dome lens and set a pinhole before the focus position of
the MCP-PMT. Figure 2 shows the details of the dome
lens, the transmitter, and the receiver optics. The optical
design requirement of the offset between the transmitter
and the receiver is expressed by

EQ-TARGET;temp:intralink-;e001;326;532d >
DR
2f

; (1)

where d is the value of the scanner offset,D is the diameter of
the pinhole, R is the radius of dome lens, and f is the focal
length of the receiver lens. In this system, the scanner offset d
is 8 mm, given the 1-mm diameter of the pinhole, 76-mm
radius of dome lens, and 50-mm focal length. The scanning
angle width of the transmitted beam in the water is equal to

EQ-TARGET;temp:intralink-;e002;326;423θ < θa þ
d
R

�
1 −

1

n

�
sin θa; (2)

where θa is the scanning angle width of transmitting beam in
the air, θ is the scan angle width of the transmitting beam,
and n is the refractive index of seawater.

The laser output is controlled by a pump controller. Under
certain conditions, the reflected light from the polygon scan-
ner might be directly received by the MCP-PMT. In those
cases, the photocathode surface of the MCP-PMT could
be damaged. To avoid this issue, the pump controller stops
the laser output when the scan angle is outside 120 deg.

The STC circuit amplifies the received signals to compen-
sate the attenuation effect of the water. Figure 3 shows
the concept of its function. In the case of turbid water, the
received signal from the seafloor becomes smaller than the
signal from suspended solids, water molecules, and marine
snows near the system. The STC circuit changes the recep-
tion gain according to the TOF in a way that corresponds
to the attenuation due to the water. By this function, the
dynamic range of the received signal is equivalently
enlarged. Furthermore, the ability to perform small signal
detection—and consequently, the ranging distance—is
improved. In our system, the STC has eight gain curves,
and we can select the gain curve in accordance with the tur-
bidity of the measurement environment. Figure 4 shows
these gain curves.

The counter in this system might receive multiple signals.
In this system, we use a commercially available time-to-dig-
ital converter (TDC) counter. Its time resolution is 27 ps and
measurement range is up to 40 μs. The TDC has multiple (32
at maximum) pulse detection capabilities. Thus, the signal
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Fig. 1 The configuration of the system: (a) a block diagram and (b) a
photograph.
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from a hard target can be measured in the turbid water with-
out being affected by multiscattering. Specifically, the last
signal is selected as the hard-target signal.

3 Experimental Result
To confirm the operation and the performance of the system,
we performed a test in the pool of the Japan Agency for
Marine-Earth Science and Technology, of 21 m ðwidthÞ ×
21 m ðlengthÞ × 1.5 m ðdepthÞ. Figure 5 shows the prelimi-
nary test setup in the pool. The system was set at a depth of
0.5 m, and two targets were set at about 4 and 8 m apart from
the sensor. One of the targets is a painted board of size
1.5-m2, and other one is a mannequin. The STC gain of
0.62 dB∕m was used because the attenuation of the water
in this pool was estimated to be about −0.7 dB∕m. We man-
ually tuned the gain curve of the STC at the beginning of the
imaging experiments by predicting the attenuation in water
using a turbidity meter. The automatic tuning is an issue for
future work.

Figure 6 compares the 3-D image of the pool by switching
the STC function on and off. The imaging frame rate and
number of imaging pixels in this scanning condition are
0.2 Hz and 1080 ðhorizontalÞ × 214 ðverticalÞ. This corre-
sponds to the pixel imaging rate of 46 kHz and seems to con-
flict with the above-mentioned pulse repetition rate of
50 kHz. This means there is some dead time for imaging.

To confirm the effect of the STC, we simulated low SNR
conditions by setting the laser output power to 1% of the
maximum possible output power. The x; y, and z indicate
the width, height from pool floor, and length of the pool,
respectively. The height from the floor of the pool is color-
coded: blue is the floor of the pool and red is the highest
point from the ground. The targets can be recognized as well
as the structure of the pool, the floor, and the wall. The corner
of the pool could be detected when the STC is on, whereas it
could not be detected when it is off. These results show that
the STC circuit improves the underwater performance.

Fig. 2 Schematic of the reflected light from the dome lens: (a) without scanner offset and (b) with scanner
offset.
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Fig. 3 Schematic of the function of STC: (a) before applying the STC
and (b) after applying the STC.
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Fig. 4 Gain curve of the STC.
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To estimate the measurement precision, we imaged the
pool with the laser power set at 10% of the maximum.
Figure 7 shows the 3-D image of the pool. The z is color-
coded: blue is near, red is far from the sensor, and z ¼ 0
is the sensor position. The reason for the stripped pattern
(on the pool floor going in the z direction) is the different
angle spacing of the beam spot between the horizontal
and vertical directions. This angle spacing for the horizontal
direction is 0.11 deg, and it is 0.14 deg for the vertical direc-
tion. It is seen that the spacing of strips becomes larger in the
cases of shallower incident angles to the pool floor. This
causes the stripped pattern. The measurement precision is
estimated from the fluctuation of measurement distance to
the wall, which is assumed at a constant distance. For this
estimate, we used measured data from 100 points on the
wall. Figure 8 shows the distance fluctuation at the wall.
A standard deviation of 2.0 cm was obtained at a range
of about 20 m. Note that this precision corresponds to the
case of normal incidence of the laser beam to the target.
This value can be reduced by averaging multiple images,
since the fluctuation is caused by random noise. The standard
deviation of the distance is written by

EQ-TARGET;temp:intralink-;e003;326;351dZ ∝
1ffiffiffiffi
N

p ; (3)

where N is the number of images. Concerning the distance
accuracy, it is reasonable to consider that it is better than or
equal to the half pulse length of the received target signal,
since the signal detection is performed using a single thresh-
old for the fall time of the last signal. This accuracy depends
on the signal level and the received pulse length which

Fig. 5 Photograph of the preliminary test of 3-D imaging in the pool.

Fig. 6 3-D imaging of the pool: (a) STC function on and (b) STC func-
tion off. The height from ground is color-coded: blue is floor of the pool
and red is high from the ground.

Fig. 7 3-D imaging of the pool. The distance z is color-coded: blue is near and red is far from the sensor.
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changes depending on the angle of incidence of the laser
beam to the target. The detailed evaluation on the distance
accuracy is also an issue for future work, in addition to
the automatic tuning of the STC gain curve.

The received power from the target (W) and SNR (dB) of
this system are written by

EQ-TARGET;temp:intralink-;e004;326;686PrðLÞ ¼ Pt · Ar ·
1

L2
· η ·

ρ

π
expf−2

Z
½aðLÞ�dLg; (4)

EQ-TARGET;temp:intralink-;e005;326;644SNRðLÞ ¼ 10 log

� ½Q · Mp · PrðLÞ�2
2M2

Pef½Q · PrðLÞ� þ idgB
�
; (5)

where Pt is the output peak power (W), η is the total optical
efficiency, α is the attenuation of the propagation medium
(1∕m), ρ is the reflectance of the target, assuming a
Lambertian surface, L is the measurement distance of the
line-of-sight (m), Ar is the aperture area of the receiver (m2),
Q is MCP-PMT cathode sensitivity (A∕W), Mp is MCP-
PMT gain, e is the elementary charge (C), id is MCP-
PMTanode dark current (A), and B is the receiver bandwidth
(Hz). Note that the influence of backscattering in the water is
considered only in the attenuation but not in the received

Fig. 8 Fluctuation of the measurement distance at the wall.

Fig. 9 Seafloor imaging results: (a) the intensity data, (b) the distance data from the sensor, and (c) the
expanded 3-D image of the white dash area of the distance image.
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power in Eq. (4). This is enough to study the signal detection
ability for the target since we use the last signal detection as
denoted in Sec. 2. Further, we ignore thermal noise in Eq. (5)
because the shot noise and dark current noise are much larger
than thermal noise due to the large gain of MCP-PMT. In this
system, the aperture area of the receiver is 4.93 × 10−4 m2,
cathode sensitivity is 0.18 A∕W, MCP-PMT gain is 70000,
dark current is 3 nA, receiver bandwidth is 330 MHz, and
optical efficiency is 0.4. For a wall reflectance of 1.0, reflec-
tions with 20 dB SNR can be obtained at 20 m distance,
using 1% output laser power.

In addition, we performed a trial in a shallow water area
around Ishigaki Island in December 2015 with full output
laser power. This test was carried out on a small ship with
the system hanging down into the sea. The image was mea-
sured with the beam scanning only in the horizontal direction
and the scanning line spacing along with the direction of
travel is derived by using the speed of the ship and the scan-
ning rate. In this test, the number of imaging pixels for the
horizontal direction, the scanning rate, and the speed of the
ship are 2160 pixels, 22 Hz, and about 2 knot, respectively.
This angle spacing for the horizontal direction is 0.056 deg,
and scanning line spacing along with the direction of travel
is 47 mm.

Figure 9 shows the seafloor imaging results: (a) is the
intensity data, (b) is the distance data from the sensor, and
(c) is the expanded 3-D image of the white dashed area of the
distance image. The STC gain curve of 1.36 dB∕m was used
because the conditions in this field test were turbid, and the
attenuation in the field was about 1.5 dB∕m. In these con-
ditions, the system could capture the shape of the undulating
seafloor with submeter spatial resolution. Our results con-
firm that the system works well in field experiments in the
ocean. The depth resolution is considered to be the same as
the distance data precision of 2.0 cm by additionally assum-
ing the ideal knowledge of the relative sensor position on the
moving ship, although the output resolution of distance data
is 4 mm which corresponds to the time resolution of TDC.

The received signal intensities, in the regions of top and
bottom sides of the figure (i.e., the edge part of scanning),
were relatively low because of the longer distance to the tar-
get and smaller solid angle for the receiving optics. There are
some intensity ripples on the top and bottom sides. We sup-
posed that this phenomenon was caused by the weak internal
reflection of the transmitted pulse (at the optical devices in
the sensor such as the dome lens, mirror, and lens) and the
nonideal characteristics of the peak hold circuit. The current
peak hold circuit is the simple capacitor type, as described in
Sec. 2, and keeps the held voltage with a relatively long time
(order of microseconds, corresponding to a distance of a few
hundred meters). The pulse width is very short (1 ns), but the
voltage holding continues for microseconds. This causes sig-
nal accumulation with (1) internal reflection, (2) backscatter-
ing in water, and (3) target signal. The influence of this
accumulation becomes relatively distinct when the level of
the target signal becomes low. If the level of the internal
reflection has an angle dependence, this causes the above-
mentioned ripples in the intensity map.

4 Summary
We developed an underwater 3-D imaging sensor using a
532-nm laser. Our system uses a dome lens and coaxial optics

to realize a wide-scanning angle of 120 deg ðhorizontalÞ ×
30 deg ðverticalÞ while having a compact size of 25-cm
diameter and 60-cm length.

The key feature of this sensor is the wide-scanning angle
combined with pressure resistance and compactness. This
feature is realized by the combination of the dome lens,
the coaxial optics, and an optical design that avoids internal
light reflections. This system also has an STC circuit which
enables the detection of smaller signals.

The performance of the sensor was confirmed in pool
tests, and we demonstrated the 3-D imaging in field experi-
ments in the ocean. The results of the field experiments
indicate that our sensor exhibits significant potential for
underwater exploration using AUVs and ROVs.
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