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Underwater object classification by unmanned underwater vehicles (UUVs) is a
critical task that is made difficult in shallow waters with concentrated particulate matter.
Bistatic laser imaging is a current area of research that is more effective than traditional
optical methods, but it requires separation of the laser receiver from the UUV-mounted
laser emitter. This work explores the prospect of performing bistatic laser imaging with
the receiver mounted to a quadrotor unmanned aerial vehicle (UAV). To facilitate the
imaging application, estimation and guidance algorithms are developed to autonomously
locate and track a UUV-mounted laser with an amphibious UAV. The UAV is equipped to
carry a receiver payload in safe above-water flight and water landings. To represent the
received laser measurements, laser intensity models are developed based on the distributions
of the decollimated lasers used in the imaging application. The UAV autonomy is validated

both in a reduced-order simulation environment and with the hardware testbed.
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Chapter 1: Introduction

1.1 Motivation

The motivation for this thesis stems from the need for high-resolution imaging in
shallow, degraded visual environments (DVES). In marine environments, various imaging
techniques are used to visualize and understand unknown objects. Currently, sound
navigation and ranging (SONAR) devices are commonly used in maritime applications.
The technology is mature, having been developed in a wide breadth of applications for
decades, and it operates over long distances in water because of the speed and range
of sound propagation. However, SONAR imaging systems do not provide the kind of
resolution that optical devices (e.g. cameras) operate with. SONAR also suffers from
multi-path signals in shallow water, and the more robust systems that can provide a better
resolution are too large for small, remotely operated underwater vehicles (ROVs) that
would be used in these scenarios [1]. More robust SONAR systems can provider higher
resolution, but size constraints make them unattractive for small ROVs.

For these reasons, small ROVs typically operate with visible camera-based sensors.
While they can produce high-resolution imagery in nominal conditions, cameras perform
poorly in DVESs, such as turbid coastal waters and harbors [2]. The performance degradation

in these environments is due to light-scattering particulates in the water. To nd a solution
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to this issue, laser imaging systems are actively being developed [1, 3-5]. For example,
there are defense-related systems that operate either below water or through the air-water
interface that take advantage of lasers for enhanced resolution to detect and classify
underwater mines [6], [7]. However, these systems are large, bulky, and expensive.
Further development has been directed toward creating systems of a lower size, weight,
and power (SWaP) to be used on small ROV platforms by allocating some of the required
equipment to a separate platform.

One of the key factors in the large SWaP of these laser imaging systems is their
pseudo-monostatic nature. A monostatic device acts both as the transmitter and receiver,
often used to describe traditional radar or sonar systems. However, it is often the case
that different devices are required for the transmitter and receiver. A pseudo-monostatic
device is one in which the distance between the transmitter and receiver is much smaller
than the range to the target, such as with laser imaging systems where the emitter and
receiver are both located on the same ROV [8]. Pseudo-monostatic laser imaging systems
tend to be large, both because there are two devices mounted to the same vehicle (each
with their own weight and power requirements) and because the devices are mounted as
far from each other as possible.

Multistatic sensing involves using multiple transmitters or receivers. For example,
bistatic systems have a single transmitter and receiver, but the distance between them is
comparable to the distance to the target. Adjusting the geometry between the transmitter,
receiver, and target can increase performance, especially if the transmitter and receiver
are on moving platforms [2]. A bistatic laser imaging system would have the advantage
of reducing SWaP of the ROV by moving the receiver to another platform. It was also
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found that the separate emitter and receiver can be positioned to provide a higher-quality
image than with using a pseudo-monostatic system [2]. Additionally, it was shown that
the laser receiver can be located above water, without suffering issues with the laser signal
travelling across the air-water interface [2], such that the vehicle carrying the receiver does
not need to be con ned to the water domain.

In initial testing, the laser receiver was mounted above a test facility water tank.
For outdoor testing, the receiver was mounted on an unmanned surface vessel (USV) [9];
however, the instability of the water's surface can cause the receiver to lose sight of the
laser. This work explores the possibility of mounting the laser receiver on a multirotor
UAV. Multicopters or multirotor drones are simple aerial vehicles that are able to hover
in place and vertically take-off and land. While their endurance is less than similarly
sized xed-wing aerial vehicles, their ability to hover makes them advantageous for this
application. A hovering multirotor UAV would be able to maintain level, stable ight for
the laser receiver to increase the likelihood of laser detection.

A challenge that arises with using a UAV-mounted receiver is the localization of
the ROV in order to acquire the laser signal. Knowledge of the ROV position relative
to the UAV is needed in order to place the receiver within the range and line-of-sight of
the emitter. With a USV, an acoustic underwater localization device can be used to get
range and heading from the USV to the ROV. However, the air-water interface between
the ROV and UAV rules out this approach. Also, while estimating the relative position of
the ROV can be helpful, the objective is to position the receiver such that it detects the
laser signal, so the ideal position of the receiver may not be directly above the ROV. The

objective is more directly met by localizing the receiver within the spatial gradient of the
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laser to position it in an ideal location.

1.2 Relation to Previous Ongoing Work

Multistatic sensing with robot agents has long been a topic of interest. Multistatic
radar has been used to locate and track small UAVs [10]. Robot networks have been
used to distribute multistatic emitters and receivers, both with UAVs [11, 12] and with
UUVs [13, 14]. However, little research has been conducted in multistatic laser imaging
beyond the motivating application.

Also related to this topic is spatial gradient estimation and source localization.
More typical examples of spatial gradients are phenomena like environmental pressure
gradients, temperature gradients, chemical spills or gas leaks, and more. Mobile robots
have been used to estimate gradients and identify sources in these applications, from
individual agents [15], to unmanned ground vehicle (UGV) swarms [16], to UAV swarms
[17], and even cross-domain applications [18]. While lasers are not typically considered
as being represented by a spatial gradient, estimating gradients from other electromagnetic
elds has been researched [15, 19].

Localization with respect to lasers and other optical devices is important because of
their increased usage for communication, such as in the bistatic laser imaging application.
LEDs have been used for combined communication and localization [20], even using
independent robots for the emitter and receiver [21]. Research has also been conducted
on using lasers to communicate across an air-water interface, with the intended use case

being for communication between UAVs and UUVs [22]. This work’s efforts toward



improving the localization of the receiver within the laser eld can benet research in

these areas.

1.3 Technical Approach

To test UAV-aided bistatic laser imaging, a quadrotor UAV is designed taking into
account the unique requirements of the application. The UAV needs to carry a laser
receiver payload weighing about 1.5 kg long enough for calibration and testing of the
imaging system. The UAV design also considers the operational environment, i.e. the
need to y safely above water, by implementing an amphibious design. Also to be
designed are a communication network between the UAV, the ROV, and a user interface
to allow for autonomous coordination.

Autonomous ight capabilities, including a means to estimate the UAV's position,
are formulated to determine the relative position between the laser emitter and receiver.
The UAV autonomy is designed using estimation and control theory, using the laser as a
means to localize the emitter and ROV. In order to estimate the position of the receiver
within the laser eld, laser intensity models are developed to represent the laser types
used in hardware testing. An existing Gaussian beam intensity model is analyzed for far
eld use with lasers decollimated by a diverging lens. For lasers diffused into a at-top
distribution, a super-Gaussian distribution is examined. Although the laser passes through
an air-water interface before reaching the receiver, it is assumed that the refraction at
the surface is negligible, as well as the attenuation through water. Another simplifying

assumption is that the ROV and UAV remain level, such that the emitter and receiver are



both aligned with the vertical axis. The estimation and guidance algorithms are designed
for use with these laser models.

Before implementing any autonomous behaviors in hardware, they are tested in a
reduced-order simulation. Vehicle dynamics are simpli ed to the plane de ned by the
forward and vertical axes. Additionally, laser models are imported to produce simulated

results.

1.4 Contributions

The contributions of this thesis are:

1. A testbed to experimentally replicate cross-domain coordination for bistatic
laser imaging, including a custom amphibious quadrotor UAV.The UAV carries
a laser receiver payload for an adequate ight time for testing the application. The
UAV is equipped with sensors and computing ability to perform on-board position
estimation and autonomous ight in indoor and outdoor situations, as well as novel

buoyant landing gear to allow for safe water landing and skimming maneuvers.

2. A super-Gaussian laser intensity model that captures both the divergence and
distribution of Gaussian and at-top lasers. The model describes the intensity
measurement as a function of the axial and radial distances from the laser emitter
to the receiver. It is appropriate for the far eld intensity of lasers that have been

decollimated with either a diverging lens or an engineered diffuser.

3. Estimation and guidance algorithms to autonomously locate and track the
upwelling laser with the UAV. An optimization-inspired gradient ascent algorithm
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commands the UAV to climb the estimated spatial laser gradient. An extended
Kalman Iter (EKF) uses available sensor measurements to estimate the relative
position of the laser axis in the plane of the receiver. Guidance algorithms were
developed to perform a constant-velocity search and to use state estimates to position
the UAV and receiver in the detectable region of the laser. An autonomy framework
was suggested to use available estimates and measurements to switch between

guidance behaviors.

4. Simulation and hardware results. 2D dynamic models for a quadcopter UAV and
a fully-actuated ROV were developed. 2D control algorithms were implemented for
both the UAV and ROV models. Results for the performance of the estimation and
guidance algorithms were produced in the simulation environment, and additionally

with the hardware testbed.

1.5 Outline of Thesis

Chapter 2 describes the hardware testbed developed for this work. The quadrotor
UAV design is shown, as well as the communication and coordination framework between
the UAV, ROV, and groundstation. Chapter 3 presents the 2D dynamics and controls for
the simulated UAV and ROV. Chapter 4 presents the development of the laser intensity
models used in simulation and in algorithm development. Chapter 5 describes the estimation
and guidance algorithms developed for the UAV autonomy. Chapter 6 presents the simulation
and hardware results from the aforementioned algorithms, and Chapter 7 summarizes and

concludes the thesis.



Chapter 2: Experimental Testbed

This application of bistatic laser imaging requires a unique and complex system of
hardware and software components and interfaces. While the end-goal of the application
is to conduct imaging of unclassi ed objects in open-water, this testbed was designed for

performing initial testing indoors.

2.1 Unmanned Aerial Vehicle

2.1.1 Hardware Design

Before a design was made, commercial UAVs were considered, but none were
found to adequately meet the constraints of the application. Instead, the UAV hardware
was custom-designed with the unique aspects of the application and testing in mind.
The minimum components for a quadrotor UAV are the frame, drive (motors, propellers,
electronic speed controllers, and batteries), a ight controller with an inertial measurement
unit (IMU) for state estimation, and an RC receiver. To implement autonomous behaviors
and to facilitate data transmission from the receiver to the ground station, the UAV also
requires a computing device with wireless connectivity, as well as a means of localizing

the UAV indoors. The primary goal of the UAV is to carry the laser receiver payload,



which is expected to have a mass of about 1.5 kg. Because the testing of the bistatic
laser system requires time for adjusting and calibration before the images are produced,
ight longevity was an important aspect to consider. Most indoor research drones are
designed to vy for just a few minutes, which would be insuf cient for this project. In
order to increase ight time, additional battery capacity can be added, but this comes with
the problem that increasing total mass requires stronger rotors (motors and propellers).
Generally, rotor ef ciency is best when the propeller diameter is maximized, but larger
propellers require a larger airframe. Not only does this increase mass, but a larger frame
and propellers pose more of a safety risk when ying in a con ned, indoor environment.

To keep the safety risk at a manageable level, the maximum length from propeller
to propeller across the diagonal was chosen at 1 m. Using an optimization algorithm
previously developed by the author, the motors, propellers, and batteries were chosen
to keep with this constraint while also performing adequately for the application. With
a payload, the UAV is designed to y for about 15-25 min, depending on the ight
conditions.

Another unique aspect of the project is that the UAV would be ying almost exclusively
above water. If there were to be a malfunction or any other situation where the UAV
would be required to land immediately, the drone would almost certainly be submerged.
Waterproo ng the entire UAV would be unreasonable at this stage of research, especially
as the interfaces between the drone and payload are being developed; also, waterproo ng
would likely mean designing and manufacturing a sealed enclosure, which would be

an immense sink of resources and time. Instead, landing gear oats were designed to

https://github.com/natetoombs/Multirotor-Sizing-Methodology



Figure 2.1: Image of the amphibious quadrotor UAV

support the weight of the UAV on the surface of the water (see Figure 2.1). The oats,
made of closed-cell foam that does not absorb water, are placed at the ends of each of
the four arms of the UAV to maximize stability during landing and in the presence of
disturbances. Additionally, the rigid foam oats can be used as landing gear for landing

on the ground/on solid surfaces.

2.1.2 Software Design

The computing components on the UAV are the ight controller and the companion
computer. The ight controlleris a CC3D REVO F4 board running the ROS ight rmware,
which is an open-source autopilot developed by a team of university researchers [23].
The ight controller has a built-in IMU, which provides a state estimate for the on-board
PID angular rate controller. The ight controller is connected to the RC receiver; these
components, connected to the quadrotor drive parts, are enough for manual ight of the

vehicle.
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The autonomous functions are implemented in the companion computer. The single-
board computer selected is an NVIDIA Jetson TX2, which is connected to the ight
controller viaa USB connection. ROS (Robot Operating System) is used as the framework
to connect the various software and hardware components. ROS ight has a node that
runs on the computer to receive sensor data and send commands from and to the ight
controller. The IMU data is used in an error-state EKF estimator, which produces a state
estimate. This state estimate is used by the cascaded PID controller. The estimator and
controller come from an open-source software package named ROS¢dpteioped by
the same university lab that developed ROS ight.

An Intel Realsense T265 tracking camera was chosen to provide visual-inertial
odometry (VIO) for the position estimate. The T265 camera connects with the computer
via USB, and connects to ROS with a driver developed by the team at Intel RealSense. The
measurements are also sent to the estimator. The command messages sent to the controller
come either from a Wi-Fi connection to the groundstation computer, or from the onboard
autonomy node that implements the methods described in Chapter 5. The autonomy uses
measurements from the laser receiver, which is connected to the companion computer
via USB and has a driver that converts the receiver serial output to ROS messages. The
controller takes high-level commands (position or velocity), and it outputs throttle and

angular rate commands to the ight controller.

2https://github.com/byu-magicc/roscopter
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Figure 2.2: UAV software and interfaces diagram

2.2 Remotely Operated Vehicle

The ROV used in this testbed is the BlueRobotics BlueROV2 Heavy. Much like a
UAV, the ROV principally consists of a frame, drive (motors, propellers, electronic speed
controllers (ESCs), and a battery), a ight controller, a companion computer, and a means
to communicate remotely. Some additional components that are important for the ROV
are a camera, lights, buoyancy foam, and ballast weights. The electronic components
are contained in two sealed compartments that are rated to a depth of 100 meters. There
are a total of 8 thrusters (motors and propellers), which are used to provide full six-
degree-of-freedom control. There is a heavy-duty tether that connects the ROV to the
Fathom-X Tether Interface (FXTI), which connects the tether to an ethernet connection
to the groundstation computer.

The ight controller on the ROV is a Pixhawk 1. While this is typically used
for a UAV, it works well for an ROV because it controls the motors, reads sensors,

and communicates to a groundstation, in a very similar way to how a UAV does. The
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Figure 2.3: Image of the BlueROV2 Heavy

Pixhawk runs the Ardusidbrmware, an open-source project for controlling ROVs. The
ight controller also connects to a Raspberry Pi 3 companion computer, which runs
the Ardusub-Raspbian operating system speci cally built for communicating with an
ROV. This companion computer relays information, commands, and the video stream
through the tether to the groundstation computer. Onboard sensors include an IMU, a
magnetometer, and a barometer, which can be used by the Pixhawk controller in a variety
of control modes.

The ROV is also equipped to be used with an underwater acoustic positioning
system. The Waterlinked GPS is a short baseline (SBL) system that uses four acoustic
receivers to calculate the 3D position of a transmitter mounted to the ROV. The position

estimate is then sent to the groundstation computer. While the system works well in open

3https://www.ardusub.com/
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water, it proved inaccurate when used at the indoor test facility, likely due to multipath

re ections from the metal struts in the tank walls.

2.3 Laser and Receiver

The testbed uses a mock laser system to represent the relevant aspects of the bistatic
laser imaging application. Instead of a laser encoded with data from the imager [2], a
green, low-power (0.045 W) laser is used. The laser in enclosed in a water-tight tube,
along with either a lens or a diffuser, and a mirror to direct the laser upwards. The tube
is attached to the top of the ROV (see Figure 2.4(a)). The laser is connected to a top-side
power source through the tether that goes to the ROV.

The receiver consists of a photodiode, a light lter, a source transformation circuit,
an Arduino Mini Pro, a USB connection, and a 9-volt battery for a power source. Light
reaches the photodiode through a 532 nm lIter, which matches the color of the laser as
to reduce the ambient light noise. In another effort to reduce ambient light noise, the
photodiode eld-of-view (FOV) is restricted to 10 degrees. As the photodiode receives
light, it acts as a current source, increasing the output current based on the amount of green
light received. The source transformation circuit converts the current source to a voltage
source, which can be read by the analog-to-digital converter (ADC) on the Arduino. The
Arduino reads the voltage signal and sends it as a serial signal over the USB output. The
receiver components are housed in a water-tight enclosure, which is mounted to the UAV

(see Figure 2.4(b)).
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