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ABSTRACT
We investigate three-dimensional profiling of targets in highly scattering underwater environments, obtained using the
time-correlated single-photon counting (TCSPC) technique. This approach was implemented in laboratory conditions by
using an optical detection system based on a linear array of single-photon detectors and a dedicated TCSPC module. The
depth imaging system comprised a single-photon detection module, a TCSPC acquisition system, and a laser diode
source in a bi-static transceiver configuration. The laser operated at a wavelength of 670 nm with a pulse duration of
120 ps at a repetition rate of 40 MHz, equivalent to a period of 25 ns. The laser provided a collimated line focus which
horizontally illuminated the area of interest. The photon detection module consisted of an array of 16 × 1 silicon single
photon avalanche diode (Si-SPAD) detectors built in custom silicon fabrication technology, with each SPAD having a
photon detection efficiency of up to 28% at a wavelength of 670 nm. The timing information was measured by a
dedicated TCSPC acquisition module, which included four four-channel time to amplitude converter (TAC) arrays. The
system acquired time-correlated images with a timing bin duration of 1.6 picoseconds, which was equivalent to 180 μm
depth resolution in water. The targets were placed in a 110 liter capacity tank, at a distance of approximately 1.65 meters
in several underwater scattering environments, and were moving at a speed of 10 mm/s. These laboratory based
experiments demonstrate depth profiles performed in scattering conditions equivalent up to 7.4 attenuation lengths
between the transceiver and target, using acquisition times per line of approximately 30 ms, and the pulsed laser had an
average optical power of less than 14.6 mW.
Keywords: Single-photon, underwater, scattering, Lidar.

1. INTRODUCTION
Time-correlated single-photon counting (TCSPC) has emerged as a detection approach for high performance lidar and
depth profiling due to its high optical sensitivity and excellent surface to surface resolution. The TCSPC technique
measures, with picosecond temporal resolution, the timing difference between an optical input pulse and a photon
detection event recorded by a single-photon detector [1]. This process is repeated over many laser pulses, and accurate
return time, and hence depth information is acquired. This approach has been used to acquire timing information for
single-photon depth imaging in challenging environments [2], such as kilometer depth profiling [3], depth imaging of
targets hidden behind, camouflage [4] or foliage [5], and depth profiling through fog and smoke [6]. This technique has
been recently used also for underwater depth imaging by using an individual silicon single-photon avalanche diode
(Si-SPAD) detector [7] and focusing the light on each pixel of the target area. This approach demonstrated
three-dimensional underwater imaging up to 9.2 attenuation lengths (AL) [8] – i.e. the distance the light travels in water
before being reduce to 1/e of its initial value.
Depth imaging in free space has been achieved with high resolution in several configurations using SPAD detector
arrays fabricated in complementary metal-oxide semiconductor (CMOS) [9-15]. Recently, underwater depth imaging
using TCSPC was investigated also by using a CMOS Si-SPAD detector arrays [16], which gave the advantage of a large
pixel format, and to collect the picosecond resolution timing information for the full-field simultaneously [17].
Generally, CMOS SPAD detector array provide a high degree of parallelization [18-26], however CMOS SPAD detector
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array typically have less optimized performance characteristics when compared to Si-SPAD detector arrays built in
custom fabrication technology [27], because of the constraints in the fabrication process.
SPADs made using custom technology have been demonstrated in several applications, such as fluorescence lifetime
imaging microscopy [28]. In this paper, we demonstrate a Si-SPAD detector linear array fabricated using custom
technology, with dedicated TCSPC electronics [29] for underwater depth imaging. We show preliminary results of depth
and intensity profiles of targets in water with different levels of scattering, equivalent up to 7.4 AL one-way between the
transceiver and the target.

2. EXPERIMENTAL SETUP
The schematic of the experimental setup is shown in Figure 1. The system comprised a laser diode with central
wavelength λ = 670 nm, operating at the repetition rate of 40 MHz. The output of the laser was a diverging laser line,
which was orientated along the horizontal axis at the target position. The target was placed in a water tank of 110 liters
capacity, at a distance in water of approximately 1.65 m from the transceiver. During the measurements, the target was
moved by a motorized translational stage along the vertical direction. The light scattered by the target was collected with
a spherical lens of 150 mm focal length and a clear aperture of approximately 23 mm, which focused the line onto the
linear single-photon detector array.
The single-photon detection module consisted of an array of 16 × 1 silicon single-photon avalanche diode (Si-SPAD)
detectors fabricated in custom technology, with single-photon detection efficiency up to 28 % at 670 nm wavelength.
Each detector had an active area with a diameter of 50 μm, and the distance between two adjacent detectors was 250 μm
from center to center. In order to optimize the performance of the detectors, the SPADs were operated at a temperature of
0 °C.
The timing information was measured by a dedicated TCSPC acquisition module, which included four four-channel time
to amplitude converter (TAC) arrays, two eight-channels commercial analog to digital converters (ADC) and a
commercial field programmable gate array (FPGA). The TCSPC module was connected to the detector head which
provided the start signal for each timing measurement, and to the laser system which provided the stop signal. The
system acquired time correlated images from timing bins of 1.6 picosecond duration, equivalent to 180 μm depth
resolution in water.

Figure 1. Schematic of the experimental setup. The system comprised a laser diode, a SPAD detector linear array,
and a dedicated TSCPC module. A target was placed in water and the scan was performed by moving the target
over the vertical direction.

Proc. of SPIE Vol. 11540 115400R-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 Nov 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

3. RESULTS
The target used was a 3D printed target with three blocks of 15 mm side and depth features of 10 mm, 20 mm, 30 mm, as
shown in the schematic in Figure 2.a). Figure 2.b) shows a photograph of the target as viewed from the transceiver.

Figure 2. a) schematic of the target used during the experiments. b) Photograph of the target as seen from the
system.
During these measurements, the target was moved vertically at a speed of 10 mm/s, and the timing information was
acquired asynchronously for the duration of the scan for all the SPAD detectors. This meant that the number of lines of
the final image and the acquisition time per line were selected by software during the analysis of the data.
The data presented in this paper were analyzed by selecting 200 lines, with an acquisition time per line of 30 ms, and
performing a cross-correlation approach between the histogram recorded and a pre-recorded instrumental response of the
system. The instrumental response was obtained by measuring the timing information from a stationary Lambertian
scatterer target in unfiltered tap water, using a long acquisition time of approximately 40 seconds. The maximum value
of the cross-correlation was used to estimate the depth information for each pixel, and the intensity was obtained by
counting the number of events in a 150 bins window around the maximum of the cross-correlation, which was equivalent
to 240 ps timing window.
Several depth and intensity profiles measurements were performed in unfiltered tap water and different concentrations of
scattering agent, equivalent to an attenuation of up to 7.8 AL between the system and the target. The average optical
power of the laser for each scan was adjusted depending on the level of scattering in water, and it was varied from 3 μW
in unfiltered tap water up to 14.6 mW for high levels of attenuation of the propagation medium.
Figure 3 shows the intensity maps obtained with the pixel-wise cross-correlation approach in several underwater
environments. The intensity map is not affected up to 5.4 AL, however in more attenuating environments the intensity
quickly degrades with no information available above 6.8 AL, and the target cannot be identified because of the high
level of scattering.
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Figure 3. Intensity map of the target in several scattering environments. The average optical power entering the
tank was adjusted depending on the level of scattering of the water.
However, the timing information allowed us to detect and identify the target in high levels of scattering in water. This
can be seen in Figure 4, which shows the depth maps in several scattering conditions obtained with the cross-correlation
approach. In this case, the timing information allows to identify the target up to 7.4 AL and to detect it at 7.8 AL
between the transceiver and the target. However, further investigation is needed in order to establish the achievable depth
resolution in highly scattering environments.
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Figure 4. Intensity map of the target in several scattering environments. The average optical power entering the
tank was adjusted depending on the level of scattering of the water.

4. CONCLUSIONS
Preliminary results were presented on underwater depth imaging using a single-photon detection system based on a
linear array Si-SPAD detectors fabricated from custom technology, with a dedicated time-correlated single-photon
counting (TCSPC) module.
Depth and intensity maps were obtained with a pixel-wise cross-correlation approach in several underwater scattering
scenarios. These depth results show potential for target identification in highly scattering underwater environments
equivalent up to 7.4 attenuation lengths between the system and the target, and target detection in attenuating
environments equivalent to 7.8 attenuation lengths. At the same time, the corresponding intensity maps showed that the
intensity map is not affected by scattering up to 5.4 attenuation lengths, but it degrades quickly in higher levels of
scattering.
Further experiments will be performed in order to establish how the scattering affects the achievable depth and spatial
resolution of this single-photon system and to investigate reduced acquisition times per line.
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