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Abstract—Time-of-flight (ToF) cameras are a recently de-
veloped tool for measuring and mapping 3D space. These
cameras have potential for underwater applications, however
their performance is limited by scattering in many underwater
environments. This work uses a phasor subtraction method to
overcome some of the limits imposed on ToF cameras due
to scattering. Experimental results demonstrate the efficacy of
this method, doubling the operating range of the raw camera
performance.

I. INTRODUCTION

Light detection and ranging (Lidar) is a method used to
obtain high resolution depth and spatial information in chal-
lenging, underwater environments [1]-[4]. The performance
of underwater lidar systems is limited by two fundamen-
tal interactions between light and turbid (i.e. murky) water:
absorption and scattering. Both water and the particulates
suspended in water absorb light, removing optical intensity
from the scene and limiting the maximum operating range of
lidar systems[5]. In this work, we address absorption by using
green light, which minimizes absorption in turbid water[6].
However, many cases of interest, such as harbors, bays, and
coastlines are limited by scattering rather than absorption.
Light that reflects off of the suspended particulates and returns
to the detector without interacting with any submerged object
is referred to as backscatter. Backscatter limits the performance
of lidar systems by reducing image contrast and reducing the
signal-to-noise ratio (SNR). Light which reflects off of an
object but still scatters at small angles before detection is
referred to as forward scatter. Forward scattered light takes
a slightly longer path than light which returns directly from
an object which leads to range error (due to the delayed time
of arrival) and pixel to pixel blurring in images.

Scattering limited environments are more challenging than
absorption limited environments, and a number of approaches
have been developed to address these environments[7]. Range
gating only opens the detector after a time delay to reduce the
collection of backscatter[8], [9]. Hybrid lidar-radar modulates
the lidar beam intensity with a radar sub-carrier[10]. A number
of techniques hardware and software techniques have been de-
veloped for hybrid lidar-radar to mitigate the effects of scatter-
ing in turbid underwater environments[11]-[18]. Simultaneous
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scanning of a laser and a narrow field of view (FOV) receiver
is another technique to reduce the collection of scattered light.
This method minimizes the common volume overlap between
the transmitter and the receiver.[4]. More recent techniques
have focused on the use of specialized optical elements to
perform wavefront coding to reduce the impact of scattering
on communications as well as rangefinding[19]-[35].

ToF cameras are tools which are increasingly used for 3D
mapping and modeling in underwater environments[36]—[38].
ToF cameras generate phase (which can be translated to range
using the modulation frequency) and amplitude images of a
scene at video rates with centimeter scale depth resolution[39].
However, like all underwater lidar systems, the performance of
these systems are limited by multipath interference[40], caused
by backscattering from the turbid water. In this paper we
describe a method and show experimental results to mitigate
the effect of backscattering on ToF camera phase and range
measurements, improving the accuracy and extending the
operating range of the ToF camera. We explain the details
of the method in Section II and Section III and experimental
results are shown in IV.

II. BACKGROUND

A. ToF Phase and Amplitude Measurements in Turbid Water

We use the ToF camera to simultaneously images the
phase and amplitude of a scene. This is done by modulating
the transmit beams and demodulating the return phase in-
quadrature at each pixel. We quantify the performance of
the ToF camera in terms of attenuation lengths, cz, where
c is the extinction coefficient of the turbid water water and
z is the range to the submerged object. Greater attenuation
lengths have greater degrees of scattering and absorption,
which limits the performance of the ToF camera. Greater
absorption decreases the signal from the object. Scattering
generates clutter which interferes with the collection of light
from the object. Instead of just the optical return from a
submerged object, the camera sees two returns: one from the
submerged object and another from the backscattered light.
Due to the ToF camera’s processing, the total return is the
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Fig. 1. Backscatter phasor subtraction method. The ToF camera calibrates
by imaging the backscatter only (i.e. the light returning from the underwater
environment). Images collected during the normal operation of the ToF camera
are a phasor sum of the light reflected from any submerged objects and
the backscattered light. The backscatter only phasor is subtracted from the
object+backscatter phasor, resulting in the amplitude, phase, and true range
of the underwater object.
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sum of these contributions[40]. We define this relationship as
the sum of two phasors:

Atotej¢tot —_ Aobjej¢obj +Absej¢bs, (1)

where Ay, is the total amplitude measured by the camera,
Agyp; is the amplitude from the object, Ay is the amplitude of
the backscatter, and ¢ is the respective phase value measured
by the camera, of the object, and of the backscatter[41]. This
model accounts for the object and backscatter, but in its present
form assumes there is no contribution from forward scattering.
This leads to some additional range error (seen in Section
IV). However, the contribution of backscatter is much larger
than that of forward scatter, meaning that this simple model is
still able to improve the accuracy of the ToF system. Figure
1 summarizes the method for backscatter phasor subtraction.
Experimentally, the raw ToF camera images both the object
and the backscatter, generating the total phasor. To image only
the backscatter, we remove the underwater object from the test
tank and generate the backscatter phasor with thee ToF camera.
Rearranging Eq. 1 and using the measured phasors,

Aobj€j¢obj — Atot€j¢tot _ Absej¢bs7 )

we calculate the object phasor. The true range to the object
is then calculated from object phasor and the modulation
frequency of the ToF camera.

III. METHODS
A. Experimental Setup

We show the experimental setup in Fig. 2. The ToF camera
is based on a modified Espros EPC660 evaluation kit[37].
The infrared diodes are replaced by three, 1 W, 532 nm laser
diodes modulated at 24 MHz. For the ToF camera, there are
inherent trade-offs between the maximum operating range and
the beam spread (which determines how much of the scene is
filled with light). The maximum operating range is achieved
by maximizing the power density (i.e. transmitting collimated
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Fig. 2. The experimental setup for the ToF camera measurements. For each
measurement, a C-Star transmissometer measures the turbidity. When imaging
total amplitude and total phase a flat, gray, spray painted PVC objected is
submerged in the lidar test tank. Three laser diodes transmit light into the test
tank. The ToF camera images the scene (the FOV is shown as dashed, black
lines).

beams). However, transmitting collimated beams instead of
diverging beams (which have a lower power density) fills less
of the scene with light. In this work, we seek to maximize the
operating range of the ToF camera and transmit collimated
beams. Future work will explore higher power transmitters as
well as diverging beams at shorter attenuation lengths.

The ToF camera images over different range and turbidity
condition, spanning 0 cz to 16 cz. 100 frames are captured at
each range and turbidity condition. We took the measurements
in a lidar test tank and we increase the turbidity using Equate®
liquid antacid, which is the standard method for mimicking
the scattering of sea water. The liquid antacid has an albedo
of 0.9[42], [43], where scattering albedo is defined as the
ratio of scattering coefficient, b, to extinction coefficient, c.
A C-Star transmissometer (Seabird Scientific) measures the
turbidity throughout the experiments. We collect images with
and without the submerged objects in order to independently
measure the total amplitude and the backscatter amplitude.

B. Phasor Subtraction

Figure 3 shows a diagram of the phasor subtraction method,
i.e. a visual representation of Eq. 2. Backscatter is plotted as
a yellow phasor, the total amplitude and phase are plotted
in green, and the object amplitude and phase are plotted in
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Fig. 3. An example of the phasor subtraction method. The total phasor is
plotted in green, the backscatter phasor is plotted in yellow, and the object
phasor is plotted in blue. The total phasor minus the backscatter phasor is
also shown as the 180 rotated backscatter phasor placed at the tip of the
total phasor. This subtraction yields the object vector.

blue. Equation 2 is shown by placing the tail of the negative
backscatter phasor at the tip of the total phasor. The resultant
phasor (from the origin to the tip of the negative backscatter
phasor) is the object phasor.

We show an example of the amplitude and phase images
in Fig. 4 taken at 2.68 cz. For this relatively clear condition,
the total phasor is dominated by the object and the collimated
beam spots can be clearly seen in Fig. 4a, the total amplitude.
Because we are using collimated beams rather than a diverging
beam, we determine a region of interest (referred to as the
Object Region) at the full-width, half-maximum of the larger
beam spot. The object region is determined for each range in
clear water and is used for each subsequent turbidity at that
range. The object region is the region of maximum intensity
and thus contains the most accurate phase information. The
total phase is shown in Fig. 4b. While the image is dominated
by the object (seen as a uniform phase distribution at 160°),
the backscatter can be seen as a region of lower phase on
the left side of the image. Figure 4c shows the backscatter
amplitude, which is low for this attenuation length, and Fig.
4d shows the backscatter phase. The backscatter phase can be
seen on the left side of the image and the phase increases
(gets further away) as the beam travels across the image from
left to right. Note that the effect of the inherent ToF camera
phasor summation can be seen by comparing the two phase
measurements: Fig. 4b and Fig. 4d. In the backscatter phase
image, the phase values of the beams as they enter the left side
of the image are close to zero. However, in the total image,
those same phase values are around 130°. The phase values
of the backscatter in the total phase image are inaccurate due
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Fig. 4. Amplitude and phase images taken at 2.68 cz. a) Total amplitude: the
laser spots are seen clearly, and the object region (the most accurate, high-
intensity region) is circled b) Total phase: The phase is nearly uniform at 160°.
The backscatter can be seen on the left side of the image and appears at a
closer phase than the object. Note that this is not the true phase value of the
backscatter. The object contribution dominates the backscatter contribution
so the measured phase of the backscatter is shifted towards the object. c)
Backscatter amplitude: For these relatively clear conditions, the backscatter
amplitude is very low and can be faintly seen on the left side of the image
d) Backscatter phase: In phase, the backscatter can be more clearly seen
propagating across the image from left to right. As it propagates the phase
increases as the beam further from the ToF camera. Note that the backscatter
phase is much lower compared to (b) because there is no object contributing
to the measurement.
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to the strong influence of the object return at 160°.

Figure 5 shows an example of the total phasor image and
backscatter phasor image at 7.68 cz. At this higher attenuation
length, the scene is dominated by backscatter. Figure 5a shows
the total amplitude. Instead of seeing distinct beam spots,
the total amplitude image shows a low intensity haze from
the backscatter entering the scene from the left. The total
backscatter, Fig. 5b, shows a phase gradient between the
left and right side of the image, but the phase values are
all very low due to the strong backscatter. Figure 5c shows
that the backscatter amplitude is nearly identical to the total
amplitude. The backscatter phase, Fig. 5d is similar to total
phase. However, there is a clear difference in phase value on
the right side of the two phase images, indicating the presence
of an object in the scene.

Comparing Fig. 4 and Fig. 5 shows clearly the challenges
imposed by backscattered light. In amplitude, the backscat-
tered light completely masks the weaker signal from the object.
In phase, we can recognize the presence of an object, but
the measured phase value is inaccurate. Instead of 160°, as
expected and measured in Fig. 4b, the phase value is measured
as 17¢, leading to a range measurement for the object which is
much closer to the camera than the true distance to the object.

Figure 6 shows the object amplitude and phase at both
2.68 cz and 7.68 cz. These are the resultant images after the
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Fig. 5. Amplitude and phase images taken at 7.68 cz. a) Total amplitude:
For this turbidity level, the object is dominated by the backscatter. The object
region is circled b) Total phase: There is a clear change in phase between
the left side of the image (backscatter) and right side of the image (object).
However, the object phase is inaccurate because of the dominant backscatter
contribution c¢) Backscatter amplitude: For these relatively turbid conditions,
the backscatter amplitude is very similar to the total amplitude d) Backscatter
phase: The backscatter phase still tends to increase as light propagates from
the left side of the image to the right side of the image. Note the contrast to
(b). While it is not clear from the amplitude data that an object is present, the
difference in the phase values indicates the presence of a submerged object.

phasor subtraction (using Eq. 2) of the backscatter from the
total images seen in Fig. 4 and Fig. 5. Figure 6a shows the
object amplitude for 2.68 cz. Because the object was already
dominant, it looks very similar to the total amplitude. Figure
6b shows the very uniform object phase at 160°. Compared
to the total phase, no backscatter contribution is present. The
object amplitude for 7.68 cz is shown in Fig. 6¢. The object
amplitude is lower than the total amplitude, and there is no
presence of backscatter on the left side of the image. The
object phase for 7.68 cz is shown in Fig. 6d. The object phase
is much closer to the expected value than the total phase,
demonstrating that phasor subtraction is able to mitigate the
impact of backscatter on the ToF measurements.

IV. RESULTS

Figure 7 shows eight measurements on phasor diagrams.
Amplitude is plotted on the r-axis in dB, and phase is plotted
on the #-axis in degrees. Each point corresponds to a pixel
in the object region. The true phase of the submerged object
is plotted as a dashed line at 160° and 0° corresponds to a
range of z = 0. In Fig. 7a the total (object + backscatter)
phasors are plotted. For low attenuation lengths, for exam-
ple 2.68 cz the measured total phase falls at the expected
phase, indicating the image is object dominated. As turbidity
increases, the measured phase approaches 0° as the backscatter
comes to dominate. Figure 7b shows the backscatter phasors.
As expected, as the turbidity increases the backscatter appears
closer to the camera. Comparing the total and backscatter
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Fig. 6. Object amplitude and phase images for 2.68 cz and 7.68 cz
after phasor subtraction of the backscatter. a) Object amplitude at 2.68 cz:
compared to Fig. 4a the object amplitude is very similar to the total amplitude
due to low turbidity. b) Object phase at 2.68 cz: compared to Fig. 4b the phase
is even more uniform and the contribution of the backscatter on the left side
of the image is no longer present. ¢) Object intensity at 7.68 cz: For these
more turbid conditions, the object amplitude is very low due to attenuation.
Compared to Fig. 5a there is no strong backscatter contribution. d) Object
phase at 7.68 cz: Compared to Fig. 5b backscatter phasor subtraction yields
an object phase much closer to the true phase value.

phasors we see that as the amplitude of the total phasor
approaches the amplitude of the backscatter phasor, the total
phase (i.e the phase measured by the camera) approaches
the backscatter phase. Again, this shows the challenge posed
by the underwater environment. Absorption leads to a rapid
decrease in amplitude while backscatter adds a clutter signal
which degrades the accuracy of phase measurement, leading
to range measurements which are inaccurately read as much
closer than the true object range. However, Fig. 7c plots
the object phasor, and demonstrates the capabilities of the
phasor subtraction method to mitigate the effects of scattering.
Measuring the backscatter phasor and subtracting it from the
total phasor corrects the phase value to be the true object phase
for all measurements shown except the measurement at 10 cz
which is limited by signal to noise.

Figure 8 shows the absolute percent range error (the mea-
sured range divided by the true range multiplied by 100)
over attenuation lengths for the measured object range, the
measured total range, and the measured backscattered range.
Each data point is the average percent range error for a 2
attenuation lengths bin. For example, the data point at 1 cz
is the mean percent error for all of the measurements which
fall between 0 cz and 2 cz. The error bars are the upper and
lower quartiles of the percent range errors. The results show
three distinct regions: low turbidity, moderate turbidity, and
high turbidity. In Region 1 (low turbidity: < 4 cz), the total
range is accurate and not influenced much by backscatter.
This is a result of the object phasor having a much greater
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Fig. 7. ToF camera experimental results with an example vector for cz =
5.35. a) Total Phasor: For low values of cz, the measured phase is close to the
expected phase value, 160°. However, as the attenuation lengths increase and
backscatter comes to dominate, the intensity decreases and the measured phase
decreases, leading to range measurements which are much closer than the true
range. b) Backscatter results: We see the expected result for backscatter. As
attenuation lengths increase, the backscatter appears closer and closer to the
camera. ¢) Object Phasor: after subtracting the backscatter phasor from the
total phasor, the measured phase value is very close to the expected phase
value for each attenuation length shown, excepting 10 cz.

magnitude than the backscatter phasor. Backscatter results
are low amplitude and at a closer range than the object. In
Region 3 (high turbidity > 10 cz), the backscatter vector
dominates, The object vector is at or below the noise floor,
and the total phasor calculates the range to the volumetric
backscatter. Because the object return is absorption limited,
phasor subtraction yields inaccurate results. In Region 2,
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Fig. 8. Absolute percent range error vs. attenuation lengths is plotted for
the total range, the object range, and the backscatter range. Each data point
is the mean percentage range error over 2 attenuation lengths (for example,
the data point at 1 cz is the mean percentage error of all the data that falls
between 0 cz and 2 cz). The error bars show the lower and upper quartiles.
The backscatter range error behaves as expected. As turbidity increases, the
centroid of the backscatter range drifts closer to the camera. The total range
error is less than 5% to 4 cz (i.e. without any processing the object is dominant
and the ToF camera is accurate to 4 cz). After 4 cz the percent error increases
before settling at the backscatter range, indicating that the backscatter is now
dominate. By contrast, after background phasor subtraction the object percent
range error is less than 5% until 8 cz. After 8cz, low signal leads to noise-
dominated, inaccurate measurement.

(moderate turbidity, 4 — 10 cz) the magnitude of the object
vector and backscatter vectors are commensurate. The total
range (the range measured directly by the ToF camera) is not
an accurate measure of either the object range or backscatter
range. The vector subtraction approach is most effective in this
region.

V. CONCLUSION

ToF cameras are investigated for use in underwater ranging
and imaging. In turbid underwater environments, we show
that accurate range performance for ToF cameras breaks down
at 4.0 cz due to contribution of the backscatter. This work
demonstrates that backscatter phasor subtraction doubles the
operating range, achieving accurate range measurements at
8.0 cz. Future work will investigate higher power laser trans-
mitters, as well as switching from collimated beams (which
maximize the operating range of the ToF camera) to diverging
beams (which maximize the area of the sensor which measures
accurate information).
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