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The research described in this dissertation provides a new method of
Autonomous Underwater Vehicle (AUV) operation that will improve underwater-tosurface communication and reduce the overall cost of such operations.
Transferring data between the ocean surface and an operating AUV is a slow
and difficult process. Current methods of untethered submersible communication are
hindered by either a limited data transfer rate or a prohibitively short range. This
dissertation proposes a new data transfer method that supports the high data rates of a
tethered system while maintaining the advantages of a fully autonomous submersible.
The system improves communication between AUVs and the operator and could
enhance AUV operational efficiency and safety. This project documents the designing
and testing of the Remotely Operated Vehicle (ROV) and the building of a SONAR
system designed to track the ROV.
The ROV was created to prove the underwater docking concept and to
demonstrate that the platform could be built affordably. Costs were reduced by
purchasing consumer-grade electronics and manufacturing the frame and waterproof
components in house.
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Expensive underwater navigation sensors contribute to the high cost of industry
and military-grade submersibles. In this study, this expense was avoided by designing,
creating, and testing a SONAR system for tracking the underwater vessel. Solutions
from the SONAR were used to determine the 3D position of the submersible.
The SONAR system was also created affordably. The cost of one retail
hydrophone ranges from hundreds to thousands of dollars. Hydrophones for this
project were manufactured for less than $50 each. Designing and building amplification
and filtering circuits further reduced the cost. Researching sound tracking methods and
translating the methods into software on a desktop PC allowed the SONAR to locate an
underwater acoustic transmitter that would be attached to the ROV.
Here’s how the components would work: The system would use an AUV paired
with an Autonomous Surface Vehicle (ASV) that carried an ROV. During operation, the
ROV would be launched from the ASV. The ROV would then descend to the
approximate operating depth of the AUV. The AUV was acoustically summoned on an
as-needed basis or based on a predefined schedule. When the transducer from the
ROV began transmitting, the AUV acquired the acoustic signal. Once in visual range,
visual indicators on the ROV guided the AUV toward the docking mechanism on the
ROV. When docked, the AUV transferred data through the ROV to the ASV using the
tether. Data on the ASV was stored onboard or transmitted to the user through wireless
or satellite communications. When the ASV data transfer was complete, the AUV was
released from the ROV to continue its normal operation.
The objective of this system is to improve AUV operational efficiency.
Improving the efficiency will reduce costs by reducing operator man hours. Safety,
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during recovering, could also be increased by using the ROV as a recovery system. It
is the hope that this dissertation will inspire further research and development into
advancing this idea.
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CHAPTER 1
INTRODUCTION
The Search for Malaysian Airlines Flight 370
Autonomous Underwater Vehicles (AUVs) are part of a growing industry of
underwater exploration and have proven essential to maritime operations. AUVs
have been used to find underwater mines, inspect oil derricks, map parts of the
ocean floor, and even search for shipwrecks. Recently, AUVs have been used to
search for the missing Malaysian Airlines Flight 370 (MH370).
During the search, an underwater signal was detected that may have
originated from MH370’s flight recorder. Bluefin-21 drones were launched from a
surface vessel to search for the submerged aircraft. Every day the submersible
spent 16 hours at the operating depth, four hours diving and surfacing, and
another four hours transferring the data to the operator once recovered [1].
Beacons used to locate the flight data recorders of downed aircraft are
battery operated and must be located quickly after an accident. As MH370’s
flight recorder battery waned, the need to receive data rapidly from the AUVs
became critical. In addition to the difficulties of scanning the ocean floor for an
aircraft or its wreckage, the overall cost of the search increased quickly after
each day of searching. Within the first month, over 19 surface vessels [2] from
more than 20 different countries contributed to the search. Time Magazine
estimated the first three months of the search cost more than $70 million [3]. The
loss of the aircraft and the ensuing search proved that AUV operations played a
key role. However, considering the expense of operating ships and AUVs during
the search, efforts to make the operations more efficient and affordable are
warranted.
16

Problem Statement and Motivation
The biggest difficulties in operating submerged AUVs are the slow
communication between a submerged AUV and its surface vessel and the high
cost of operations. There are currently several methods of communicating with
submerged platforms. Each method has limitations in either bandwidth or
transmission range. These limitations limit or prolong operations. Longer
operations require more human operators which in turn increases the overall
operational cost.
This dissertation proposes a new system to improve AUV communication
with surface users. Ideally, the new system will also reduce the need for frequent
human interventions. From the beginning, one of the goals of this project was to
take a concept and apply it to a real-world environment. Application research
generally involves hardware. In the case of autonomous maritime systems, the
hardware can be cost-prohibitive or unavailable. Thus, the need to develop,
build, and test systems in house.
Platform development decisions were made based on cost and ease of
construction. 3D printing was used extensively in this project because of its
availability and rapid prototyping capability. Accurate and expensive sensors
were replaced with more affordable options and workarounds. These
compromises resulted in delays and limitations in performance. However, the
process also gave the researcher more control over the systems. The
researcher was left with a strong understanding of every component of the
project. Each piece of hardware had to be understood down to the firmware of
each sensor.
17

Contributions
The contributions of this paper are several experimental designs and the
results from testing. The first contribution is the development and testing of an
ASV-controlled ROV. Several iterations of the ROV were created until a
successful system was discovered. The second contribution is a submersible
tracking system. Tracking was conducted using two methods: a camera-based
system and an acoustic-based system. Both methods were tested in a controlled
environment.
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CHAPTER 2
BACKGROUND INFORMATION
Wireless Underwater Communication Tools
Communicating with submersibles is difficult and complicates underwater
operations. Tools AUV operators can use to monitor the vehicles include
acoustic modems as shown in Figure 2-1, light fidelity (Li-Fi), and radio
transmissions.
Acoustic modems, the most popular tools, are omni-directional, support
extensive range, and are not susceptible to environmental conditions such as
water clarity. However, most production-grade acoustic modems can only
achieve data rates of up to 50 Kbps [4]. Due to the attenuation experienced by
sound waves traveling through the water, modems with higher data rates have
transmission ranges that are too short to be useful for AUVs.
Another form of underwater communication is Li-Fi. Li-Fi uses light to
transfer data. It can provide exceptional underwater data transfer rates [4] [5] [6].
However, the transmission range is limited because the light must be observed.
Particulates in the water or external light sources, such as sunlight, can interfere
with communications.
Finally, radio transmission can also support underwater wireless
communications. While most radio frequencies are completely absorbed within a
meter of water, some very low frequencies can penetrate deep enough for
submarines to receive them. Extremely low frequencies have been used to
communicate with submarines but have very low bandwidth [7]. Therefore, radio
transmissions are not effective in transferring large amounts of data between the
AUV operators on the ocean’s surface and the submersible located thousands of
19

meters below. With the limitations of underwater communications, real-time
monitoring of the submarine’s high-bandwidth sensors is not possible because
little information can be transferred.
AUV Navigation Systems
The navigation system on an autonomous platform is essential for
allowing the vessel to accomplish its mission. Data provided by navigation
systems can be divided into two parts: position and orientation (POSE). Both are
critical for a platform to hold its position or to move to another position. Thanks
to the popularity of smart phones and a growing need for autonomous platforms,
navigation systems have become commonly available.
The most common orientation sensor is an inertial measurement unit
(IMU). IMUs typically contain a combination of gyros, accelerometers, and
magnetometers. Gyros measure rotational motion and are useful in determining
short-term orientation. However, gyro-based orientation will drift over time due to
the internal noise of the sensor itself. Accelerometers are combined with gyros
to assist with the long-term gyro drift. Accelerometers measure acceleration and
are adept at measuring gravity. Using gravity as a reference, roll and pitch can
be accurately measured when data from the gyros is combined with data from
the accelerometers. However, the two sensors alone cannot accurately measure
yaw. Determining yaw requires the addition of a magnetometer. A
magnetometer provides a magnetic heading. The heading is noisy and subject
to magnetic interference but can be used as a long-term solution when combined
with data from the gyro. Data from all three sensors can be combined using a
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Kalman filter. This provides an accurate estimation of the vehicle’s orientation
using data from the IMU.
Positioning sensors provide the second half of POSE. GPS is one of the
most popular sensors for determining position. It is affordable and provides an
accurate estimation of a device’s location. However, because of radio wave
attenuation in water, GPS cannot be used by submersibles. Acoustics, on the
other hand, work well underwater. A Doppler velocity log (DVL) uses sound to
track the bottom of a body of water. Velocity can be determined by measuring
the movement of the bottom relative to the DVL. Integrating velocity from a
relative starting point will provide an estimation of a vessel’s position.
Another method of determining position underwater uses acoustic
baseline systems. Popular in industrial applications such as underwater pipeline
laying, long-baseline (LBL) is the most accurate acoustic-based positioning
system. LBL consists of three or more transponders placed on the seafloor and
an interrogator mounted on the object being tracked. During operation, the
interrogator transmits an acoustic signal and starts a timer. This signal is
received by the sea floor transponders, and the transponders reply with their own
transmissions. The interrogator listens for the transponder signals and measures
the acoustic round-trip time. The LBL system then calculates the 3D position of
the interrogator by converting the round trip acoustic times to distances from the
transponders. LBL systems can achieve sub-meter position accuracies [8].
When operating in waters that are too deep for LBL or when a more
mobile positioning system is necessary, a short-baseline (SBL) system can be
used. SBL systems operate identically to LBL systems except for the placement
21

of the transponders. In an SBL system, three or more transponders are mounted
onto a surface craft. This allows the positioning system to be mobile. However,
the mobility of the system compromises accuracy, which is determined by the
distance between the transponders. Greater distance between transponders
produces greater accuracy. SBL systems are generally less accurate than LBL
systems. Woods Hole Oceanographic Institution used an SBL system to track
the Jason/Medea ROV. The ROV could be tracked with an average positional
accuracy of 9 cubic centimeters [9].
The smallest baseline system is the ultra-short-baseline (USBL) system.
This version would be used on small surface craft where the use of an LBL or
SBL would not be practical. USBL also uses acoustics to determine position with
a transponder but has a different type of interrogator. In addition to a transmitter,
the interrogator also contains an array of hydrophones. The hydrophones help
determine the bearing of the transponder relative to the interrogator. In a USBL
system, the transponder is mounted onto the target being tracked. The bearing
calculated by the array system and the round-trip time of flight (TOF) of the
acoustic signal is used to determine the target’s position. While this system is
less cumbersome than the other systems, its accuracy is more susceptible to the
environment and the distance between the transponder and interrogator.
Acoustic reflections from submerged objects on the seafloor interfere with the
bearing estimation. Errors in the bearing estimation cause greater position
inaccuracies as TOF is increased.
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High Bandwidth Sensors Used on AUVs
During AUV operations, human operators must be on location and actively
involved. In addition to supervising the launch and recovery processes,
operators must also observe the submarine’s underwater status. Operators on
the surface typically monitor the data via acoustic modems. For most AUV
operations, the imaging SONAR is the most useful sensor. The active SONAR
provides visual data of the ocean floor such as the image shown in Figure 2-2.
However, the active SONAR data rate can be as high as 10 Mbps [10]. At the
modem’s maximum 50 Kbps data rate, more than three minutes would elapse
before receiving one second of data from the imaging SONAR. Acoustic
modems are too slow to support the demands of real-time SONAR data transfer.
Cameras are another useful underwater sensor. However, cameras can
require an even higher data transfer rate than SONAR, depending on the
camera’s specifications. To support the immense amount of data recorded by
the submarine, most AUVs require the submersible to be recovered first.
Operators must then download the recorded data directly from the submarine.
Depending on the time spent underwater, the data could be more than 16 hours
old. When timing is critical, as in the search for MH370, 16 hours of data delay is
unacceptable.
Remotely Operated Vehicles and Autonomous Surface Vehicles
in AUV Operations
One way to solve the communication issue between the surface and the
submersible is to use a tether. ROVs, like the one shown in Figure 2-3, are
submarines that have attached tethers that are thousands of meters long.
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The tether supports high data transfer rates and sometimes provides
power to the vehicle. Because of the physical connection, tethers allow high data
rate sensors, such as camera images and SONAR data, to be streamed in real
time. The tether presents several challenges, however:
•
•
•
•
•

ROVs require a human operator to continuously supervise the vessel,
whereas AUVs do not. [11]
Larger ROVs require a much larger support surface vessel, when
compared to AUV operations, to carry the large reel holding the thousands
of meters of tether cable. [12]
To support the weight and drag of the tether, deeper ROV operations
require larger ROVs with larger thrusters to overcome the resistance. [13]
[14]
Operating longer tethers with bigger ROVs requires more manpower to
move the larger equipment. [12]
Conducting longer ROV operations with more personnel increases the
overall cost.

AUV missions also suffer from the high costs of keeping operators at sea.
A principal engineer in the Department of Applied Ocean Physics and
Engineering from Woods Hole Oceanographic Institution, a private maritime
research facility, estimated their cost of AUV operations: “Cost depends on the
AUV. Small R100 is cheap $500 to $1,000 per day. Deep R6000 with Launch
and Recovery and all support equipment $10,000/day.” [15].
Efforts to develop platforms that would reduce or eliminate the need for
excessive manpower have led to the development of ASV. Besides requiring
little human interaction, ASVs may be useful in AUV operations. When floating
on the surface, ASVs can use wireless radio communications with the operators.
Satellite communications between the shore and an ASV eliminate the need for
operators at sea. The use of GPS is also available to surface vehicles. With this
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navigation system, ASVs can travel across large bodies of water without human
intervention and still arrive within meters of the desired destination.
Although ASVs are effective autonomous research platforms, by
themselves they are not very useful in underwater operations. Due to
attenuation, imaging SONAR is limited to a range of several hundred meters. To
be useful, an ASV with an imaging SONAR would be limited to shallow water;
deep-sea searches would not be possible.
All three platforms—ASVs, AUVs, and ROVs—have strengths and
weaknesses when performing underwater operations. A system designed to use
the strengths of all three platforms would greatly improve AUV operations. An
autonomous system would decrease the cost of operating the system to a
fraction of the current operations cost by reducing the required man power.
Theory of the System
One way of combining the three systems would require placing the ROV
onboard the ASV. Such a system would work like this:
1. The ASV travels to the location of the operating AUV.
2. Once on station, the ASV launches the ROV, and the ROV dives to a
predetermined depth. The depth could be as deep as the AUV or limited
by the length of a shorter tether.
3. Eventually the AUV connects with the ROV and transfers its data.
4. Once data transfer is complete, the AUV disconnects from the ROV and
continues operating without resurfacing.
5. The data from the AUV is sent to the ASV via the tether.
6. The data is transferred to the operator from the ASV.
7. The ROV is recovered when operations conclude.

Harnessing the strengths of each platform would create an effective
underwater operations system.
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The benefits from using this system are many. One benefit is the ability to
download data from the AUV without requiring surfacing and recovery. Some
AUVs have a diving speed of 45 m/min and an ascent speed of 135 meters/min
[16]. At this rate, it would take the AUV almost two hours to reach the estimated
depth of MH370 at 4,500 meters [17] and more than 30 minutes to surface.
Adding another two hours for AUV preparations, launching, and recovery would
require nearly four hours. During the four hours, the AUV could not perform its
missions, and the time would be lost. To minimize this loss in efficiency,
operators desire to limit the underwater time between AUV launch and recovery
to maximize the operation’s efficiency. However, with the three-platform system,
data from the AUV could be transferred to the user without requiring the AUV to
surface. This would allow AUV missions to be divided into smaller runs where
the operator receives smaller amounts of data more often. The search missions
would also be more effective because the operators can react and redirect the
search in response to the real-time data.
The three-platform system also solves the cumbersome problem of
submersible vehicle recovery. Surfacing AUVs can be difficult to locate,
especially in rough seas [18]. When surfaced, most AUVs are barely above the
water and can only be seen when operators are within several miles. If the AUV
surfaces in the wrong location, such as underneath a ship or iceberg, the vessel
could be damaged or even lost. Using the ROV to connect to the AUV, the AUV
could be reeled out of the water, which would simplify recovery and safeguard
the submersible. Docking underwater is advantageous because the ocean is
much calmer beneath the surface. Engineers have designed a system that uses
26

an ASV-dragged, drogue-based mechanism to recover the AUV [19]. A droguebased recovery system also benefits from the calm conditions of underwater
docking. However, because the ASV must pull the drogue to maintain depth, the
method is not effective in areas that may restrict vessel maneuverability, such as
narrow channels or deep crevices.
In addition to wireless communications, the ASV also provides controllable
mobility. Engineers designed a similar idea in using ROVs with AUVs that
involved a buoy launched from an aircraft that used a tethered ROV [20]. The
ROV from the buoy would dive to the desired depth and attach with another
submersible. However, the buoy system was subject to any ocean currents or
winds. The buoy was unable to maintain position and would pull the ROV away
from the operating area.
Using a different approach, much research has explored the development
of anchored buoys that provide docking mechanisms, data transfer, and even
charging [21] [22] [23] [24]. However, these buoys are fixed and would be very
difficult to implement in deep waters. If the AUV operations began to move away
from the anchored buoy, the increased time required to travel between the AUV
and buoy would eventually negate the benefits of underwater recovery. The
anchored system had a limited operating depth. In very deep water, the cable
length required to keep the buoy anchored would be prohibitive.
In contrast, an ASV, using its thrusters, could maintain its position or
follow the operations of the AUVs. The ASV system would not be depthdependent and could overcome mild ocean currents and winds. To prove the
above concepts, students at the University of Florida Machine Intelligence
27

Laboratory (MIL) developed a prototype called the NaviGator Autonomous
Maritime System (AMS).

Figure 2-1. An example of an acoustic modem [25] used to communicate
between two vessels underwater.

Figure 2-2. Imaging SONAR data showing a shipwreck on the bottom of the
ocean [26].
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Figure 2-3. NOAA’s Global Explorer [27], a remotely operated vehicle. Note the
large yellow tether connecting the submersible to the ship.
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CHAPTER 3
PROOF OF CONCEPT
The objective of the NaviGator AMS was to validate the above proof of
concept in a real environment. MIL students have developed two vessels that
could fulfil the ASV requirement and the AUV requirement:
•
•

NaviGator, the ASV
SubjuGator, the AUV
Both platforms operate in freshwater and ocean environments.
NaviGator ASV
NaviGator ASV, shown in Figure 3-1, is a Wave Adaptive Modular Vessel

(WAM-V) outfitted with a computer, sensors, and thrusters. The WAM-V consists
of two inflatable pontoons connected by a suspension system and a large
platform for the mounting of sensors, computers, and other equipment. The
suspension system dampens the vessel’s oscillations caused by high sea states,
and prevents the rear-mounted thrusters from leaving the water, thus making
propulsion more efficient by allowing the hull to conform to the waves [28] [29].
The suspension system also attempts to keep the platform horizontal. Table 3-1
provides the vessel’s specifications.
For propulsion, NaviGator uses four trolling motors that produce 353 N of
thrust each, as shown in Figure 3-2. The motors are mounted in fixed
orientations that allow movement in all three degrees of freedom available to
surface vessels (sway, surge, and yaw). Two 24 V lithium ion batteries, with 104
Ah of electric charge, provide approximately five hours of operation. NaviGator
has a maximum range of 15 nautical miles.
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A custom-built Intel I7-based computer with the Ubuntu Linux operating
system and custom software uses the onboard sensors and controls the
thrusters. A student-designed Inertial Navigation System (INS) estimates
NaviGator ASV’s roll, pitch, and yaw. The INS uses accelerometers, gyros,
magnetometers, and GPS to estimate the vessel’s POSE. Cameras and a Light
Detection and Ranging (LIDAR) device provide the system with data that can be
used to avoid obstacles. A large radio antenna provides wireless
communications between the boat and the operator. NaviGator ASV can carry
and launch the ROV from beneath the main platform.
SubjuGator AUV
Students selected SubjuGator as the prototype AUV because of its
modularity, maneuverability, and underwater operating time. Figure 3-3 shows
the front of the vessel. Modularity is achieved by the carbon fiber frame that
permits the easy mounting of additional components. One such device is the
steel docking point for the ROV, which is discussed in chapter 4. Table 3-2 gives
the specifications of SubjuGator.
SubjuGator consists of two waterproof aluminum hulls mounted on an
aluminum plate and encased in a carbon fiber frame. The primary hull contains
the computer and power management circuitry. The navigational equipment is
located inside the secondary hull. Eight thrusters are mounted in an orientation
that allows the AUV to move in all six degrees of freedom, as shown in Figure 34. Two 24 V batteries, connected in series, support system operation for 90
minutes.
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Using the Ubuntu Linux operating system and custom software, the
server-grade, Intel Xenon processor-based computer in the submarine’s primary
hull controls the vessel. An IMU provides the roll, pitch, and yaw of SubjuGator.
The DVL sensor, shown in Figure 3-5, is mounted to the bottom of the
submarine. The sensor provides an estimate of the vehicle’s three linear
velocities. Depth is determined by a pressure sensor. Four hydrophones are
used as part of the passive SONAR. Finally, the two cameras in the front of the
submarine provide stereo vision feedback that is used during the docking
procedure.
Mounted on the front, horizontal beam of SubjuGator is the docking point
shown in Figure 3-6. The device consists of a 3D printed mount and a steel
plate. The steel plate is used as the holding point for the ROV’s electromagnets.
A Wi-Fi adapter is installed inside the 3D printed mount. The adapter is used to
wirelessly connect to the router on ROV.
Autonomous System Control
For docking to be successful, all systems must be controllable and stable.
NaviGator and SubjuGator have undergone hundreds of hours of in-water
testing. Both have controllers that work well, as shown in the following graphs.
For the purposes of this paper, surge is movement along the x-axis, sway is
movement along the y-axis, and heave is movement along the z-axis.
NaviGator ASV uses a model-reference adaptive control (MRAC)
controller. This controller uses a predefined model of the vessel to improve
tracking that can compensate for state-dependent disturbances such as constant
winds or surface currents.
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NaviGator can maintain its heading accurately because of its controller
and INS. The INS consists of a custom circuit board that uses an extended
Kalman filter to fuse data from the GPS receiver, accelerometers, gyros, and
magnetometers. This system has been proven to be very accurate with a
positional drift of only several centimeters in one hour.
SubjuGator AUV uses a Robust Integral of the Sign of the Error (RISE)
controller [30]. This is another controller that can compensate for bounded
disturbances and uncertainties of a dynamic system. An advantage of this
controller is its ability to track without the oscillations experienced by other
controllers such as a proportional integral derivative (PID) controller.
While the controller on SubjuGator was implemented and tuned well, the
controller was only as accurate as the orientation and position feedback it was
provided. On SubjuGator, accurate feedback is provided by the platform’s INS.
The submarine’s INS consists of an IMU, water pressure sensor, and DVL. A
Kalman filter fuses the sensors together to estimate the POSE of the ASV. The
DVL is critical in estimating position. Without the DVL, determining position is
very difficult.
Table 3-1. Specifications of NaviGator ASV
Description
Amount
Mass
295 kg
Length
5.5 m
Top Speed
3 kt (1.5 m/s)
Propulsion type Brushed trolling motors
Thruster force
Four thrusters, 353 N each
Power supply
Two 24 V lithium ion batteries
Operating time 5 hours
Hull material
Aluminum structure on inflatable pontoons
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Table 3-2. Specifications of the SubjuGator AUV
Description
Amount
Mass
43 kg
Top Speed
1 kt (0.5 m/s)
Propulsion type Brushless motor thrusters
Thruster force
Eight thrusters, 88 N each
Power supply
Two 24 V lithium polymer batteries
Operating time 1.5 hours
Max depth
150 m
Hull material
Aluminum hull with carbon fiber structure

Figure 3-1. The NaviGator ASV operating during the 2016 RobotX Competition
in Oahu, HI. NaviGator ASV uses four trolling motors to propel it
through the water. Author’s photo.

Figure 3-2. A CAD model of the NaviGator ASV. The four trolling motors can be
seen below the two pontoons.
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Figure 3-3. SubjuGator, the fully autonomous submarine. The carbon fiber
tubular frame provides multiple mounting locations for external
devices. Author’s photo.

Figure 3-4. A top-down view of SubjuGator showing its thruster configuration.
Each thruster is marked with a yellow circle.

Figure 3-5. This image shows the bottom of the DVL mounted on SubjGator.
The red discs use ultrasonic signals to determine SubjuGator’s velocity
in the water. Author’s photo.
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Figure 3-6. A close-up of the docking point on SubjuGator. The wireless adapter
is located behind the steel plate. Author’s photo.
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CHAPTER 4
ANGLERFISH ROV
Anglerfish ROV
NaviGator’s ROV was inspired by the deep-sea anglerfish found in depths
of water greater than 1000 m. A unique predator, the anglerfish uses an
illuminated dorsal spine to lure its prey, as shown in Figure 4-1. The glowing
spine is located near the front of the predator’s head luring the prey closer to its
mouth. Similar to the anglerfish, the ROV is small, agile, and uses underwater
lights to accomplish its mission.
Anglerfish [31], shown in Figure 4-2, is designed to be controlled by the
NaviGator ASV. A tether is connected between the ROV and the ASV that
provides power to the ROV and communication between the two. The 30 m
tether is strong enough to be used as a method to recover the submersible.
Table 4-1 gives the specifications of Anglerfish.
An acrylic watertight tube contains the electronics. A 3D printed structure
is designed around the tube to accommodate the mounting of the thrusters,
lights, and actuators. Eight thrusters are mounted in a configuration that allows
movement in all six degrees: roll, pitch, yaw, heave (depth), surge, and sway.
The thruster positions can be seen more clearly in Figure 4-3.
A Raspberry Pi 3 development board running Ubuntu Linux manages the
thrusters and monitors the sensors. Anglerfish’s IMU estimates the
submersible’s roll, pitch, and yaw. The development board also monitors a
pressure sensor that determines the submarine’s depth. Visual feedback to the
Anglerfish ROV is provided through a camera mounted inside the dome. A
small, wireless router is installed inside the water-tight tube and placed at the
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front of the ROV. This router is used to establish a short-range wireless network
link with the SubjuGator AUV.
A PID controller was used to control Anglerfish. This type of controller
uses much less processing power when compared to a RISE or MRAC
controller. The lower processing power demand is important because the
controller must be run on the ROV to reduce latency. The processor on
Anglerfish is inferior when compared to the computers on SubjuGator and
NaviGator.
While some stability was achieved, the ROV suffers from oscillations.
This may be due to the uneven ballast of the system or an improperly tuned
controller. An overhaul of the ballast system and a retune of the controller would
help remove the oscillations.
Anglerfish may never be as controllable as SubjuGator, for several
reasons. First, the PID controller is not as adaptable as the RISE controller. PID
controllers struggle with disturbances. Second, Anglerfish is using an
inexpensive IMU and does not have a DVL. This is the main reason why
Anglerfish will struggle with its position estimate. To compensate during docking,
the more controllable vessel (SubjuGator) will adjust to the less stable vessel.
SubjuGator will move to dock with a stationary Anglerfish.
Students considered several ideas for the docking process between
Anglerfish and SubjuGator. A popular AUV docking method requires specific
body geometry for docking. This method uses a cone-like cage that a torpedoshaped AUV can physically enter [32] [33]. This mechanism limits the types of
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AUVs that can be docked. To accommodate SubjuGator AUV’s box-like frame,
students designed an alternative docking mechanism.
Docking with SubjuGator is achieved with the capturing system mounted
underneath the dome of Anglerfish. The system consists of two electromagnets
and four LEDs shown in Figure 4-4. The LEDs provide a visual reference for
SubjuGator during the docking process. The LED orientation is inspired by
research into space docking techniques for underwater docking [34]. During
wireless data transfer, the electromagnets hold the two submersibles together.
Once the data transfer is complete, the vehicles disengage.
This application controls docking using electromagnets and a steel plate
because the mechanism does not require a high degree of accuracy. The
magnet only needs proximity to the metal plate to connect. Mechanical locking
mechanisms, such as a probe and socket or grabbing claw, require much greater
accuracy. Another advantage of the magnetic design is safety. If the system
fails, it will fail open and release SubjuGator. Two electromagnets provide a
higher probability that one magnet will connect with the plate when compared to
a single magnet system. When magnetically connected, the AUV is near enough
to transfer data wirelessly. Once the transfer is complete, connection between
the ROV and SubjuGator is magnetically released.
The following steps outline the three-vessel operation from deployment to
docking to data transfer. Before the operation can begin, all three platforms must
be deployed and on station:
1.
2.
3.

NaviGator ASV is deployed and maneuvers to a given point.
Once on station, the ASV holds its position and heading.
Anglerfish is then launched from the ASV, begins transmitting once wet,
and descends to a desired depth.
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4.
5.
6.

When the ROV reaches the desired depth, it maintains its position and
heading.
SubjuGator is deployed within SONAR detection range of the ROV.
The AUV descends to roughly the same depth as Anglerfish or the
required depth of the AUV’s mission.
When the AUV’s mission is complete, the homing and docking processes

begin:
1.
2.
3.
4.
5.
6.
7.

The AUV begins listening for the acoustic transmitter. A bearing estimate
is made when the transmitted acoustic signal is received.
Using the good bearing estimate, the AUV begins maneuvering toward the
direction of the transmissions.
SubjuGator updates Anglerfish’s perceived bearing with each new
received transmission and continues moving toward the emitter.
During this process, SubjuGator constantly searches for the reference
LEDs on Anglerfish to begin proper docking alignment.
Once SubjuGator visually recognizes the LEDs on Anglerfish, the AUV
shifts to a visual docking mode.
The AUV maneuvers into Anglerfish using the lights as a visual reference,
as shown in Figure 4-5.
When the AUV is near the ROV, the electromagnets on Anglerfish pull and
hold both vessels together, completing the homing operation.
The final process is the data transfer:

1. After the ROV connects to the mounting point, SubjuGator attempts to
connect to the wireless router on Anglerfish.
2. Establishing a wireless connection allows SubjuGator to transfer files to
Anglerfish.
3. The files are relayed to the ASV.
4. Once the transfer is complete, SubjuGator disconnects from the ROV,
concluding the exchange.

Operators on shore maintain contact with all three platforms. However,
the ASV and ROV are on separate networks from the AUV. Data from
SubjuGator is transferred to NaviGator ASV’s network. Once data from
SubjuGator is transferred to NaviGator ASV’s network, the above process,
currently a proof of concept, will be considered proven.
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Specialized Hardware and Software
All three systems use Ubuntu Linux and the Robot Operating System
(ROS). ROS is a software framework that is specific to and greatly enhances the
coding of robotic software [35]. ROS allows data, in the form of messages, to be
shared across a network among different programs and platforms. Any program
can publish or receive messages. This ability forms a cloud-like network that
allows for decentralized operations among multiple systems. High volumes of
data can be sent from a less powerful computer to a more powerful computer
where it can be analyzed more rapidly, a function that is important in utilizing the
Anglerfish ROV as an extension of the boat. Camera and other sensor data can
be transferred from the ROV to the boat through the tether. NaviGator can then
analyze the data and issue a command to the ROV based on the received data
and current mission.
Wi-Fi was selected as the communication medium because it works at
short ranges underwater and does not require physical contact. 2.4 GHz Wi-Fi
has been proven to work reliably at ranges under 13 cm [36] [37]. Because of
underwater wireless range, Wi-Fi communications require less positional
accuracy than physical connections. When Anglerfish can connect to
SubjuGator’s mounting block, wireless communications can be established. The
estimated distance between the router on Anglerfish and the adapter on
SubjuGator, when the two are docked, is approximately 10 cm.
Anglerfish’s sensor suite provides roll, pitch, yaw, and depth (heave), but
the sensors cannot provide surge and sway. Estimates of all six degrees are
necessary to control the ROV accurately. On more sophisticated submersibles,
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surge and sway can be measured by taking the double integral of the
accelerometer readings. Unfortunately, Anglerfish uses affordable yet somewhat
noisy accelerometers, which prohibit the use of accelerometer data for surge and
sway calculations. Another sensor that could be used to measure surge and
sway is a DVL such as the one mounted on SubjuGator AUV.
DVLs are very expensive (SubjuGator’s DVL cost $25K), and mounting
the sensor would require drastic changes to the mechanical structure of
Anglerfish. Therefore, another solution was implemented. Inspired by indoor
quadcopter controls using external cameras [38], students developed a method
to measure the ROV’s velocity using an external sensor. In clear water, a
submerged, downward-looking camera mounted on NaviGator ASV’s hull can be
used to track Anglerfish’s relative movements. The software for tracking
Anglerfish visually is run on NaviGator’s more powerful computer. The output
from the tracking software (surge, sway) is sent to Anglerfish through the tether
as shown in Figure 4-6. NaviGator ASV’s downward-looking camera is shown in
Figure 4-7. Adding a bright green LED to the submersible improves the camera’s
ability to track the ROV’s movements. Figure 4-8 shows the LED on Anglerfish.
Green was selected because of its low absorption in water [39]. Green
was also selected because it would not interfere with the blue docking lights on
Anglerfish. The observed movements from NaviGator ASV’s camera are
combined with the sensor data provided by Anglerfish’s onboard sensors to
create an accurate estimate of the ROV position.
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Camera Tracking System
A camera boom and camera float were created to test the camera tracking
method. The boom consisted of two PVC pipes, each 12 foot long by 1 inch in
diameter, spaced 15 inches apart, as shown in Figure 4-9. The pipes were
anchored to the pool wall using weights. The camera float, Figure 4-10, was
attached to the other end of the boom. The float represented NaviGator ASV
and kept the camera partially submerged and facing downward towards
Anglerfish. The camera used was a Point Grey Firefly USB 2.0 machine vision
camera. To simulate the ASV correctly, the camera’s position had to be
reported. This was performed by a Sparkfun 9 Degrees of Freedom (DOF)
Razor IMU attached to the top of the camera. The IMU provided the orientation
of the camera and acted as the world reference point for Anglerfish. Orientation
data from the Razor IMU was passed, along with each camera frame, to a laptop
simulating NaviGator ASV’s computer. The laptop combined Anglerfish’s
orientation and depth, camera orientation, and the submarine’s 2D position as
reported by the light tracking program.
The light tracking program, run on the laptop, used images from the
camera float to locate and report the position of the ROV. The program was
written in Python and used the Open Source Computer Vision (OpenCV) library.
OpenCV provides a large database of algorithms for processing images [40].
Initially a green colored thresholding method was attempted. However, it
proved difficult to extract the green color from the light because of its intensity.
Instead, an intensity thresholding method with object size rejection was used.
This method located regions where the light intensity was very bright. The
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method rejected regions that were too small or too big. The assumption was that
the LED would be the brightest point in the water. This worked well in an office
environment where the lighting did not change. However, when the camera float
was placed in a body of water outside, the sunlight reflecting off the pool bottom
overpowered the green LED. Closing the aperture helped to reduce light
reflections.
Testing was also complicated by wind and waves. The program could
track the submarine when the surface of the water was flat. However, when the
surface was disturbed, the waves acted as magnifying glasses focusing slivers of
light onto the pool bottom. This caused the camera to track reflections on the
bottom of the pool instead of the green LED.
To overcome these obstacles, further camera testing was performed after
sunset. Night testing proved to be much more successful because the pool
environment was similar to the office environment where sunlight did not interfere
with the camera. Also, wind was less common at night, which kept the camera
stable. With the tracking software working well, the 2D position of the LED was
combined with the vehicle’s depth to provide a 3D solution using an intersection
of a plane method. The estimated 3D position was then reported and used as
feedback for the controller.
With the tracking system working, the ROV’s PID controller could be finely
tuned. This process involved the observation of back and forth movements along
the targeted axis. The gains for the controller were either increased or
decreased based on the observed movements of the platform. After the
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movements of the vessel were considered adequate, tests to verify the tracking
system could be performed.
Square measuring charts were made with a side dimension of 50 cm.
Acting as a 2D ruler, 2500 black or white squares, representing 1 cm increments,
were placed on the chart as shown in Figure 4-11. Two rings with radii of 10 cm
and 20 cm helped the observer measure points within the chart. Each chart was
attached to a plate using adhesive spray.
Three plates had a chart attached and were used to measure Anglerfish’s
movements. Each plate consisted of a 60 cm by 60 cm 0.75 inch thick PVC
plate. Plates were connected using eyebolts and pre-stretched braided and
jacketed wire. Two wires were used to connect two plates together. Using two
wires ensured that the plates did not rotate relative to each other. The length of
the cables was measured to ensure the centers of each plate were exactly 2 m
apart when pulled tight. One plate acted as the reference plate. The reference
plate was placed in the lower right region, or SE region, of the camera’s field of
view. The x-axis plate was attached to the reference plate and set toward the
northeast region of the camera. The y-axis plate was connected to the reference
plate and placed west of the reference plate. A photograph of the plate
configuration can be seen in Figure 4-12. Next, a method to translate the
position of the ROV relative to the measuring plates was needed.
A waterproof laser pointer was used to observe Anglerfish’s position on
the pool bottom. The laser pointer was attached near the front left corner of the
submersible and faced downward. As the submarine moved, observers would
follow the position of the green laser point. Observations of the laser point
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revealed that the submarine still had slight oscillations along all three axes.
However, the oscillations were not significant enough to prevent further testing.
A movement test was used to measure the accuracy of the ROV’s
movements using the camera float. To perform the test, the platform was
centered about the reference plate, and its laser point was marked, using coins,
on the chart. Ten coins were placed where the diver observed the laser point, as
shown in Figure 4-13. Once all ten points were marked, the ROV was given a 2
m movement command along the desired axis. Once stable, the diver placed 10
more coins on the chart at the new position.
The following are the average recorded positions, relative to the center of
each chart, for the y-axis accuracy test:
•
•

Reference chart point: (-12, 3) cm
2 m y-chart point: (-9, -7) cm.

Translation along the y-axis proved to be very accurate with only 3 cm of error
when moving right to left by 2 m. A deviation of 10 cm along the x-axis, from the
starting point, was recorded. Next, the test was performed by moving the vessel
2 m along the x-axis.
The following are the average recorded positions, relative to the center of
each chart, for the x-axis accuracy test:
•
•

Reference chart point: (7,5) cm
2 m x-chart point: (-14, -11) cm.

Movement along the x-axis was less accurate compared to the y-axis
movements. The vessel, on average, stopped 21 cm short of the 2 m point along
the x-axis. The vessel also had an average deviation of 16 cm along the y-axis.
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These tests proved that the submarine’s movements were less accurate along
the x-axis when using the camera tracking method.
This was a very difficult test to conduct because of the less than ideal
setup. PVC has density of approximately 1.4 g/cm3 [41]. While the material was
denser than the pool water, the PVC plates were easy to disturb on the bottom.
Pulling on a plate would slide and twist the connected plates. This made
alignment of the plates difficult for the diver. To further complicate matters, it was
difficult to orient the plates relative to the camera image. The reference plate and
the plate moved 2 m to the west had to be parallel to the bottom of the camera’s
field of view. Directions from the shore operator had to be relayed to the diver
since the diver did not have any visual feedback. In addition to the alignment,
any slack in the cables, spanning between the plates, would decrease the
distance between. This would result in an overshoot by the ROV. These
difficulties were attributed to a number of errors in the movement test results.
This test could have been improved by created a new measuring system.
The new system would be rigid and would have a way to attach the camera to
the platform on the pool bottom. These changes would greatly improve the
accuracy of the test. However, the equipment would be much more cumbersome
and difficult to install by the diver.
After hours of pool testing, a lake visibility test was performed using a
tracking system to provide positional feedback to the submarine. The desired
operating environment of this platform was a large lake south of the university. .
The visibility test was to confirm that the bright LED could be tracked to a depth
of 12 feet in the murky lake water. The test consisted of a 3 m long plank with
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nails inserted every 10 cm. At the end of each nail, a 1 m long string with a
weight was attached. The strings at increments of 50 cm had yellow tape
attached at a depth of 0.5 m. These strings were to act as a visual reference for
an underwater camera. The plank was placed in the lake water, and the strings
were hung vertically. At one end of the plank, a 1000 lumen white LED was
placed at a depth of 0.5 m. This light was used to simulate Anglerfish’s green
LED. The light was pointed parallel with the plank and faced toward the other
end. To conduct the test, a camera was placed at the opposite side of the plank,
facing toward the light. At the same depth of the LED, the camera was slowly
walked toward the light near the passing vertical strings. The camera was
walked forward until making physical contact with the LED. After testing, the
video was extracted and observed. Using the strings, observers could measure
the point at which the LED became visible. After several runs, LED detection
was limited to approximately 40 cm due to the floating sediment and debris. The
camera tracking method would not be effective in the murky lake water.
A new method that did not involve the use of a camera was required. An
acoustic system could operate in an environment where visibility was poor. The
acoustic-based system, described in chapter 5, was built from scratch because
commercial versions were too expensive.
The acoustic-based system consisted of an active transducer and a
passive SONAR system on NaviGator ASV. Anglerfish was outfitted with an
acoustic transducer that periodically emitted an acoustic signal (ping). NaviGator
ASV used a student-designed passive SONAR system that monitored signals
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from four hydrophones to determine the bearing of the acoustic transmissions
[42].
The bearing estimated from the SONAR on NaviGator ASV was combined
with Anglerfish’s reported depth. This combination provided an accurate threedimensional position of the ROV, relative to the ASV. The acoustic system
operated within an estimated 45 m maximum distance between the two vessels.
When compared to the camera-based method, the sound-based system provided
a longer range and did not depend on water clarity.

Table 4-3. Specifications of the Anglerfish ROV.
Description
Amount
Mass
7 kg
Top Speed
1 kt (0.5m/s)
Propulsion type Brushless motor thrusters
Thruster force
Eight thrusters, 20 N each
Power supply
Powered through tether
Operating time 5 hours
Max depth
100 m
Hull material
Acrylic tube with 3D printed structure

Figure 4-1. The anglerfish. Note the illuminated dorsal spine on top of the fish’s
head [2].
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Figure 4-2. The Anglerfish ROV with eight thrusters visible. Author’s photo.

Figure 4-3. A top-down view of Anglerfish. Note the four vertical thrusters to
help control roll, pitch, and heave.

Figure 4-4. The docking mechanism on Anglerfish. Four blue LEDs are used by
SubjuGator as a visual reference during the docking procedure.
Author’s photo.
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Figure 4-5. Before transferring data, Anglerfish connects to the steel mounting
point on SubjuGator using two electromagnets. Author’s photo.

Figure 4-6. The above diagram shows the flow of sensor feedback. Anglerfish
required six degrees of feedback; two were provided by NaviGator.

Figure 4-7. NaviGator ASV’s submerged, downward-looking camera. The
camera is mounted inside a waterproof case. Author’s photo.
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Figure 4-8. The white dome is the LED bank. It emits a green light that
NaviGator ASV’s submerged camera tracks. Author’s photo.

Figure 4-9. Anglerfish’s holding position using the camera as feedback. The
camera boom was used to hold the camera mount away from the pool
wall. Author’s photo.
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Figure 4-10. Photograph of the camera mount. The camera was housed in a
waterproof cylinder. A Razor 9DOF IMU was mounted in the red IMU
holder and attached to the camera. Both devices used USB 2.0 to
communicate with the shore laptop. Author’s photo.

Figure 4-11. A completed plate with measuring chart attached. The two rings
represent a radius of 10 cm and 20 cm. Author’s photo.
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Figure 4-12. The plate in the top right section of the image is the reference plate.
During testing, Anglerfish started above this point. Author’s photo.

Figure 4-13. The reference plate with pennies marking the previous location of
the green laser point. The average position from the pennies was
used to measure the submarine’s movement between plates. Author’s
photo.
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CHAPTER 5
SOUND TRACKING SYSTEM
This chapter documents the process of developing a SONAR system for tracking
Anglerfish, including:
•
•
•
•

Localization algorithm used to determine the bearing of an ultrasonic
transducer
Software created to simulate, read, and analyze received acoustic signals
Construction of the SONAR system’s hardware and electronics
Evaluation of the SONAR’s accuracy
Localization Algorithm

Figure 5-1 shows four hypothetical hydrophone locations, marked by points 0
through 3, and one pinger emitter, marked by point 𝑃. The localization algorithm’s
objective was to determine the location of point 𝑃 based on the time difference that a
sound pulse arrives at each of the hydrophone points. A coordinate system is
established with its origin at point 0. Point 1 lies along the 𝑥-axis and point 2 lies in the
𝑥𝑦 plane. The coordinates of points 0 through 3 are assumed to be known. The distance
between point 𝑃 and point 0 is written as 𝑑0 . The detailed problem statement is
presented as follows:
Given:
•
•
•

Coordinate system with origin at point 0, point 1 along 𝑥-axis, and point 2 in 𝑥𝑦
plane
Coordinates of points 0 through 3, all measured in the reference coordinate
system
The difference in distance from point 𝑃 to point 𝑖, 𝑖 = 1 … 3, as compared to the
distance of point 𝑃 to point 0, i.e. δi where 𝑑𝑖 = 𝑑0 + δi , 𝑖 = 1 … 3.
Find:
All possible locations for point 𝑃.
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The coordinates for the four hydrophone points can be written as
𝑥3
𝑥1
𝑥1
0
𝑦
0
𝑃0 = [0] , 𝑃1 = [ ] , 𝑃2 = [ 2 ] , 𝑃3 = [𝑦3 ].
𝑧3
0
0
0

(5-1)

The coordinates of point 𝑃 can be written as
𝑥
𝑃𝑝 = [𝑦].
𝑧

(5-2)

The equations for spheres centered at 0, 1, 2, and 3 can be written as
𝑥 2 + 𝑦 2 + 𝑧 2 = 𝑑0 2 ,

(5-3)

(𝑥 − 𝑥1 )2 + 𝑦 2 + 𝑧 2 = (𝑑0 + 𝛿1 )2 ,

(5-4)

(𝑥 − 𝑥2 )2 + (𝑦 − 𝑦2 )2 + 𝑧 2 = (𝑑0 + 𝛿2 )2 ,

(5-5)

(𝑥 − 𝑥3 )2 + (𝑦 − 𝑦3 )2 + (𝑧 − 𝑧3 )2 = (𝑑0 + 𝛿3 )2 .

(5-6)

Subtracting (5-3) from (5-4) gives
(𝑥 − 𝑥1 )2 − 𝑥 2 = (𝑑0 + 𝛿1 )2 − 𝑑0 2 .

(5-7)

Solving this equation for 𝑑0 gives
−𝑥1
𝑥1 2 − 𝛿1 2
𝑑0 = 𝑥 (
)+(
).
𝛿1
2𝛿1

(5-8)

Subtracting (5-3) from (5-5) and solving for 𝑑0 gives
−𝑥2
−𝑦2
𝑥2 2 + 𝑦2 2 − 𝛿2 2
𝑑0 = 𝑥 (
)+𝑦(
)+(
).
𝛿2
𝛿2
2𝛿2
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(5-9)

Subtracting (5-3) from (5-6) and solving for 𝑑0 gives
−𝑥3
−𝑦3
−𝑧3
𝑥3 2 + 𝑦3 2 + 𝑧3 2 − 𝛿3 2
𝑑0 = 𝑥 (
)+𝑦(
)+𝑧(
)+(
).
𝛿3
𝛿3
𝛿3
2𝛿3

(5-10)

Equating equations (5-8) and (5-9) and regrouping gives
𝐴1 𝑥 + 𝐵1 𝑦 + 𝐷1 = 0.

(5-11)

Where
𝑥

𝑥

𝐴1 = 𝛿1 − 𝛿2,
1

𝐵1 = −

2

𝑦2
,
𝛿2

(5-12)

𝑥2 2 + 𝑦2 2 − 𝛿2 2 𝑥1 2 − 𝛿1 2
𝐷1 =
−
.
2𝛿2
2𝛿1
Equating equations (5-8) and (5-10) and regrouping gives
𝐴2 𝑥 + 𝐵2 𝑦 + 𝐶2 𝑧 + 𝐷2 = 0.

(5-13)

Where
𝑥

𝑥

𝐴2 = 𝛿1 − 𝛿3 ,
1

𝐵2 = −

3

𝑦3
,
𝛿3
𝑧

𝐶2 = − 𝛿3 ,

(5-14)

3

𝑥3 2 + 𝑦3 2 + 𝑧3 2 − 𝛿3 2 𝑥1 2 − 𝛿1 2
𝐷2 =
−
.
2𝛿3
2𝛿1

Equations (5-11) and (5-13) represent two equations in the three variables 𝑥, 𝑦,
and 𝑧.
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A third equation is obtained by squaring (5-8) to obtain an expression for 𝑑0 2 ,
which is then substituted into (5-3). This gives
𝑥 2 (1 −

𝑥1 2

𝑥1 3

𝛿1

𝛿1

2) + 𝑥 (

2
2
2 − 𝑥1 ) + 𝑦 + 𝑧 + (

𝑥1 2 𝛿1 2 𝑥1 4
−
−
) = 0.
2
4
4𝛿1 2

(5-15)

Equation (5-11) can be solved for 𝑦 and this expression substituted into (5-13)
and (5-15) to give
𝑄1 𝑧 + 𝑄2 = 0.

(5-16)

Where
𝑄1 = −

𝑧3
,
𝛿3

𝑄2 = 𝑄2𝑎 𝑥 + 𝑄2𝑏 ,
𝑄2𝑎 =

𝑄2𝑏 =

𝐴1 𝑦3 𝑥3 𝑥1
− + ,
𝐵1 𝛿3 𝛿3 𝛿1

(5-17)

𝛿1 2 − 𝑥1 2 𝐷1 𝑦3 𝛿3 2 − 𝑥3 2 − 𝑦3 2 − 𝑧3 2
+
−
,
2𝛿1
𝐵1 𝛿3
2𝛿3

and
𝑧 2 + 𝑅1 = 0.

(5-18)

Where
𝑅1 = 𝑅1𝑎 𝑥 2 + 𝑅1𝑏 𝑥 + 𝑅1𝑐 ,
𝑅1𝑎 =

𝑅1𝑏 =

𝑅1𝑐

𝐴1 2

𝑥1 2

𝐵1

𝛿1 2

𝑥1 3
𝛿1 2

2+1−

− 𝑥1 +

,

2𝐴1 𝐷1
𝐵1 2

,

𝑥1 2 𝛿1 2 𝐷1 2 𝑥1 4
=
−
+ 2−
.
2
4
𝐵1
4𝛿1 2

Multiplying (5-16) by 𝑧 gives
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(5-19)

𝑄1 𝑧 2 + 𝑄2 𝑧 = 0,

(5-20)

Equations (5-16), (5-18), and (5-20) can be written in matrix form as
0
[1
𝑄1

𝑄1
0
𝑄2

𝑄2 𝑧 2
0
𝑅1 ] [ 𝑧 ] = [0].
0 1
0

(5-21)

A common solution for 𝑧 will exist only if the three equations are linearly
dependent and thus
0
[1
𝑄1

𝑄1
0
𝑄2

𝑄2
0
𝑅1 ] = [0].
0
0

(5-22)

Expanding the determinant gives a second order polynomial in 𝑥 which is written
as
(𝑄1 2 𝑅1𝑎 + 𝑄2𝑎 2 )𝑥 2 + (𝑄1 2 𝑅1𝑏 + 2𝑄2𝑎 𝑄2𝑏 )𝑥 + (𝑄1 2 𝑅2𝑐 + 𝑄2𝑏 2 ) = 0.

(5-23)

Corresponding values for 𝑧 can be obtained from (5-16). Corresponding values
for 𝑦 can be obtained from (5-11).
Passive SONAR Software
The SONAR system’s software stack was built on the ROS. ROS, an open
source software, was selected because of its simple publish/subscribe communication
infrastructure, access to many software libraries, and community support. ROS also
supports the recording of data in the form of messages. These messages can be
replayed simulating feedback from a system operating in a real-world environment.
This feature was used extensively during the analysis of received transmission signals.
The programs were created using Python and C++ computer programming languages.
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Four sections of software, shown in Figure 5-2, calculated the heading of a
simulated or real signal:
•
•
•
•

Signal generation/recording
Signal conditioning
Cross-correlation of the four signals
Transmitter localization

Recorded or simulated digital signals were produced and passed to the signal
conditioner. The signal conditioner determined a signal’s validity and conditioned the
valid signals to enhance correlation. Cross-correlation was performed by the next
program producing timestamps that were passed to the final program: the localization
program. The localization program used the timestamps and the above intersection of
spheres algorithm to create a 3D vector pointing toward the transmitter.
Signal Simulator
The signal simulator created signals representing hydrophone output. The
simulated signal was modeled after actual sound signals gathered from a previous
generation SONAR system shown in Figure 5-3. The following outline explains how the
signal simulator worked:
1. A 3D position of the simulated acoustic transmitter, relative to the hydrophones,
was provided to the signal simulator.
2. The simulator program calculated the actual time of arrival using an ideal speed
of sound underwater, 1484 m/s.
3. The difference in signal arrival was calculated by subtracting the time of arrival of
the reference hydrophone to the other hydrophones. Four sine waves, each
representing a signal from a hydrophone, were created. These sine waves last
400 µs.
4. An additional 400 µs of silence (or no signal) were added to the front of the
signals, creating an 800 µs long signal where the first half did not contain a sine
wave. The second half was the simulated “ping.”
5. The four sine waves were shifted left or right based on the difference in arrival
times.
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6. The signal was divided into discrete samples and placed in a one-dimensional
array.
7. The array was added to a ROS message that contained the message header,
sample rate, and number of samples. This message was broadcast to the
network.

User-defined simulator variables were used to make the simulator more flexible.
The following variables were adjustable: pinger frequency, pinger position, signal bit
resolution, hydrophone sampling rate, and signal amplitude. These variables could be
changed while the simulator program was running using the ROS dynamic reconfigure
package. Adjusting these variables allowed the user to observe how each variable
would affect the SONAR’s simulated accuracy.
Noise was added to the simulator to make the signals more realistic. The
amount of noise applied to the signals was also user-defined. This noise affected the
noise floor of the signal and randomly changed the amplitude of the sine waves for each
hydrophone. Additionally, a random amount of time was added or subtracted from the
signal time differences based on the sampling rate.
Custom Driver for the Advantech PCI1714UL Card
An Advantech PCI-1714UL card was used to convert the analog signals to digital
signals. A custom hardware driver for the card was created to use data from the
converter. The custom driver, written in C++ and using the DAQNavi Linux driver library
[43], created a hardware interrupt on channel 1 based on voltage. When a rising-edge
signal that exceeded 50 mV was detected on channel one, an interrupt would occur,
and 4000 samples from each channel would be transferred to the computer. The 4000
samples consisted of 2000 samples before the interrupt and 2000 samples after the
interrupt. Figure 5-4 shows a recorded signal. Next, the driver packaged the 16000
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samples into a ROS message and broadcast the message onto the network. Along with
the samples, the message also contained the system time when the message was sent,
bits of resolution, sampling rate, and number of channels used. These messages were
used by the signal conditioner program.
Signal Conditioner
The signal conditioner identified good signals and reduced the number of
samples passed to the correlation program. Good signals were those with at least
50 µs of silence before the arrival of the incoming sine wave. The program used
500 mV as a threshold to estimate the arrival of the signal. A signal whose amplitude
was less than 500 mV was considered silent.
After a good signal was identified, the signal was cropped. Cropping was
performed from the point when the signal first exceeded 500 mV, which was used as a
threshold. The program retained 400 µs of signal before the threshold and 200 µs after.
Any samples after 200 µs of actual signal were discarded. Because each signal must
be the same length, a buffer of zeroes was added to signals that arrived earlier.
The cropping process removes approximately 70% of the original signal, which
has two advantages. Cropping reduces the processing by minimizing the computational
requirement for signal correlation. Also, smaller samples are more accurate because
they are less likely to reflect echo interference. Figure 5-5 shows the results of
conditioning the samples shown in Figure 5-4.
Cross-Correlation
While the signal conditioner program determined when an incoming wave
arrived, cross-correlation (CC) was used to more accurately determine the arrival time.
CC was performed on the signals produced by the signal conditioning program. Similar
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applications that use CC often have a predefined reference signal. For CC to be
effective, such a system must know the operating frequency. Conversely, this project
used the received signal from hydrophone A as the reference signal. The advantage of
this method was that it worked with unknown signal frequencies.
A disadvantage of using a received signal as a reference is the method’s
susceptibility to disturbances on the reference hydrophone. If the reference signal
contains interference, CC will be inaccurate. However, if all four hydrophones receive
the same interference, CC will be effective.
After performing CC on the conditioned signals, timestamps are produced.
These timestamps represent the difference in arrival times of each signal. The
timestamps are passed to the localization program. Figure 5-6 includes three graphs
that show the results of CC.
Localization
The localization program used the timestamps provided by the CC program to
produce an estimated transmission bearing, which was reported in the form of a 3D
vector. Under ideal conditions, such as those produced in the simulator, the program
worked well. However, when performed on actual signals, the program struggled to
produce accurate solutions.
Because the localization method was not flexible, it struggled with less than
perfect timestamps. During testing, both signal interference as well as inaccurate
hydrophone positioning may have generated system timestamp errors. Interference on
the signals can cause the reported timestamps to be less accurate. With poor
timestamps, the calculated was noted to be 180° in the wrong direction. To resolve this
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problem, another program called the cardinal (after a cardinal compass) was developed
to work alongside the localization program.
The cardinal program estimated a rough bearing based on the order of signal
arrival. Using the order of arrival with the geometry of the four-hydrophone array, a
transmission bearing was estimated within a sector 22.5° wide. This came from the
number of different orders of arrival or 2𝑛 , where 𝑛 equals the number of hydrophones.
While the cardinal program could provide a rough estimate of the heading bearing, it
could not provide a declination bearing.
The solution from the cardinal program was compared to the localization
program’s solution. If the two solutions were within 22.5°, the localization solution was
used. If not, the localization solution was rotated by 180°. The rotated solution was
then compared to the cardinal program. The rotated solution was retained if it was
within 22.5°of the cardinal solution. Finally, if the solution was still not within 22.5°, the
cardinal solution was reported. A flow chart of this process is shown in Figure 5-7.
Plotting Simulated SONAR Accuracy
A program was created to simulate the SONAR by combining the above
programs. This was done by passing virtual transmitter coordinates to the signal
simulator. The signal simulator then passed signals to the signal conditioner. The
conditioned signals were then passed to the CC program. Next, the timestamps from
the CC program were passed to the localization program. The heading and declination
of the signal were extracted from the output of the localization program. Finally, the
virtual transmitter’s position was changed and the process was performed again. These
steps were repeated based on the number of positions the user desired. The results
from the process were recorded in a format that could be used in a 2D graph.
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A Python library subroutine, Matplotlib, was used to create a graph of the
SONAR’s accuracy. The difference between the calculated heading and declination
and ideal heading and declination were determined. These values were then plotted
onto a 2D graph using the Matplotlib subroutine. The 2D graph represents a 10 m by
10 m plane at the fixed depth of the simulated transmitter. The difference amount in the
calculated heading or declination is represented using an intensity bar shown to the
right of the graph. In the accuracy graphs, regions with less accurate headings will
display toward the yellow end of the spectrum, and regions with less accurate
declinations will tend toward the red end of the spectrum.
The two graphs shown in Figure 5-8 represent the accuracy of the proposed
SONAR configuration. The SONAR had a sampling rate of 2 MHz, and the simulated
transmitter emitted a 30 kHz signal. In the middle of the graph, four circles can be seen.
These circles represent the four hydrophones (not to scale) and are used as a visual
reference. The yellow circle is the reference hydrophone, which is the basis of
comparison for the other three hydrophones. Bearings from the reference hydrophone
rotate clockwise where: 0° intersects the point (10,0), 90° intersections the point (0,-10),
180° intersects the point (-10,0), and 270° intersects the point (0,10).
According to the graphs generated by the simulator, the SONAR heading should
suffer from approximately five degrees of error along the following bearings: 0°, 60°,
120°, 180°, 240°, and 300°. The SONAR declination estimates are less accurate along
the following bearings: 60°, 120°, 180°, and 240°. These errors can be attributed to the
physical layout of the hydrophones and the sampling rate of 2 MHz. Sampling at a
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higher frequency would reduce the size of the error regions. High sampling frequency
would also reduce the amount of error along the regions.
Experimental Setup
Acoustic Transmitter
The transmitter used in the testing of the SONAR was a Teledyne Marine ALP365 acoustic locator pinger shown in Figure 5-9. This transmitter was selected because
of its small size, battery life, transmit power, and adjustable frequency. For this
experiment, the transmitter was set to transmit a 30 kHz, 177 dB signal at a 1 Hz
transmit rate. The transmitting element, the dark gray end, was hung facing down. All
measurements were made relative to this point.
Hydrophone Construction
Cost was the primary reason for developing custom hydrophones. Previous
projects used Teledyne Reson TC 4013 hydrophones [44], which are compact, simple,
and produce a very flat frequency sensitivity response. However, at almost $1,000
each, these hydrophones were too expensive for this application. Other hydrophone
distributors’ products were also expensive. This led to the decision to build the
hydrophones in house.
The hydrophones were constructed using methods described by Benson in [45]
and Barlow in [46]. The piezoelectric element selected for the hydrophones was a
43 kHz ceramic cylinder [47]. While the center frequency of the element was 43 kHz,
Benson found that the element had a -194 dB receiving voltage response at 1 V/1uPa at
30 kHz. This meant that the ceramic was still efficient at receiving signals at the lower
frequency. In Benson’s dissertation, she used cork discs as baffles. These baffles
prevented unwanted acoustic radiation from reaching the top, bottom, and inner
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surfaces of the piezo element. Acoustic radiation that can reach these surfaces caused
destructive interference. Instead of cork, a printed baffle was created.
The printed baffle both reduced unwanted acoustic radiation and acted as cable
strain relief. The baffle consisted of a 3D-printed top and bottom. When assembled,
the baffle covered all faces of the ceramic except for the side facing outward. Printed
with a 10% infill, or 90% hollow, air inside the baffles improved their sound damping
ability. A shielded cable [48] was passed through the top half. One wire in the cable
was soldered to the inside of the ceramic cylinder. Next, the second wire was soldered
to the outside of the cylinder. Epoxy was applied to the cable jacket inside the top half
of the baffle. When finished, any tension applied to the cable would be transferred to
the cable’s jacket and to the top half of the baffle. This prevented the tension on the
cable from breaking the wires’ solder joints. Once the epoxy cured, the bottom half of
the baffle was installed. Two stainless steel bolts were used to clamp the two baffles
together around the ceramic element. Figure 5-10 shows the preparation of a piezo
element. At this point, the ceramic was ready for the potting process.
Polyurethane was used as the potting material to seal the ceramic. Polyurethane
was selected because of its casting/sealing properties, low shrinkage during the curing
process, durability, and specific gravity. The polyurethane selected for this project [49]
was very durable but had a specific gravity that was 4% denser than water. This means
that the signal will behave differently when passing through the rubber than through the
water. A calibration process, described later in this report, was used to minimize the
acoustic effects of the rubber.
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The polyurethane mold was also 3D printed. It consisted of four parts: two
bottom halves for holding the rubber during the curing process, and two upper parts for
suspending the piezo element, using the cable, in the rubber. The outer diameter of the
mold was 1.5 inches allowing for a 0.25 inch thick layer of rubber to surround the
ceramic. A 2.0 inch diameter cap was added to the top of the mold. This protrusion
made the mounting of the hydrophone more consistently secure by providing a lip that
was positioned identically to all manufactured hydrophones. Suspension by the
hydrophone cable was done to ensure that the element would not contact the sides of
the mold during the potting process. By suspending the ceramic, no mounting plate
was required that might interfere with the received signal. However, with suspension,
there was no guarantee that the element was positioned precisely in the center of the
polyurethane. Calibration would be required since the exact position of the piezo could
not be determined. Silicon spray was applied to the mold as the releasing agent after
curing. A finished hydrophone can be seen in Figure 5-11.
A vacuum was applied to the polyurethane prior to pouring the rubber into the
mold as suggested by Barlow and Benson. Previous versions of the hydrophones were
potted without using a vacuum. Analysis of the signals from these hydrophones
showed severe damping. New hydrophones created using a vacuum process provided
signals that were much sharper and had signal amplitudes that were approximately
twice as high as the version constructed without a vacuum.
The cost of materials for making each hydrophone was less than $50. Most of
the expense came from the piezo element and cable/connector. Table 5-1 shows the
required materials and their costs.
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Hydrophone Array
The layout of the hydrophones was in the shape of a tetrahedron inspired by
Ray’s work in [50]. Ray, using a genetic algorithm (GA), found that placing the
receivers farther apart resulted in fewer singularities or formulations that could not be
solved with the given information. Ray found that a tetrahedron configuration places all
the receivers as far apart as possible while staying within a sphere. The optimal
configuration was discovered using the GA and confirmed by using a brute-force
method.
The diameter of the hypothetical sphere used in the hydrophone array was
200 mm where each hydrophone was 100 mm from the center of the sphere as shown
in Figure 5-12. The array frame to mount the hydrophones in this configuration was
designed using Autodesk Inventor and then manufactured using a 3D printer. Because
of the constrained build volume of the 3D printer, the frame had to be designed and
printed in multiple parts. These parts were then assembled using stainless steel
hardware. In addition to making construction more difficult, assembling the frame from
multiple parts added error to the ideal positions of the hydrophones. This error would
be addressed with the calibration process. A 0.25 inch fiberglass rod was used to offset
hydrophone D along the z-axis. A 3D printed part was not used to offset hydrophone D
because the printed part would be too large to provide enough rigidity. Clamps were
designed into the frame to prevent the hydrophones from rotating inside the hydrophone
mounts. With the hydrophones locked in place, calibration would be needed only once
on the array.
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SONAR Computer Box
A specially designed computer system was required to analyze the hydrophone
signals. Because the system would eventually be mounted onto a boat, the computer
required a water-resistant container and connectors. A Pelican 1520 case was selected
to house the electronics. The computer selected was an Intel Skylake i7 processor
based desktop PC. An Advantech PCI-1714UL card was used to convert the analog
signals to 12-bit digital signals with a sampling rate of 2 MHz. An M4-ATX DC to DC
power supply was used to power the computer and supporting equipment. Figure 5-13
shows the computer and electronics inside the water-resistant case. To filter and
amplify the hydrophone signals, a custom printed circuit board (PCB) was created.
The PCB, shown in Figure 5-14, consisted of three main components: the power
supply, signal amplification, and signal filtering. Voltage of +/-12 V was fed into the
board from a switching power supply. The voltage was then regulated down to +/-5 V
using linear regulators. Several pi filters were installed after the regulators to remove
noise from the switching power supply. The filtered power was then passed to the
instrument amplifiers and bandpass filters chips. Each of the four channels had
identical amplification and filtering stages. The hydrophone signal was first amplified by
44.5 dB by the instrument amplifier. Next, the amplified signal was passed through a
four stage Butterworth bandpass filter. The filter was designed with a center frequency
of 30 kHz with a bandwidth of 4 kHz. After filtering, the signal was again amplified by
12 dB before being passed to the Advantech four channel analog-to-digital converter. A
flow chart showing the signal path is shown in Figure 5-15.
The total cost to create the passive SONAR computer box was less than $2,200,
as shown in Table 5-2. The most expensive component was the Advantech PCI-1714
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card whose cost comprised almost half the total. The card was purchased to expedite
the development of the system.
Hydrophone Test Stand
The hydrophone holder was mounted to a frame made of T-slotted aluminum to
allow for rotational motion around hydrophone A, while preventing translational motion.
T-slotted aluminum was chosen as a material for the frame because of its ease of
assembly and flexible mounting methods. The anodized aluminum also provided some
corrosion resistance to water. As seen in Figure 5-16, the frame was supported by
three 5 foot tall legs which form an isosceles triangle with a side length of 26 inches and
a diagonal length of 35 inches. The hydrophone holder was connected to the three legs
by pairs of horizontal aluminum struts and was placed in the middle of the diagonal. In
this configuration, hydrophone A was 17 inches away from every leg on the frame. The
frame height could be adjusted to ensure the hydrophones were submerged in
shallower waters. A level was used to ensure that the hydrophones were parallel to the
ground.
Any errors in the alignment of the frame to the transmitter would affect the
accuracy of the measurements. To ensure the device was accurately positioned, a
basic alignment system was used to verify that the hydrophones were aligned with the
acoustic transmitter. Visual alignment was conducted using two sights mounted to the
frame. These sights, when aligned and visually centered on the transmitter, provided
an accuracy of ± 0.57°.
A graduated compass, shown in Figure 5-17, was used to measure the rotation
angle of the hydrophone holder. Measurements were planned to be taken every 10° of
rotation, so the compass had a 10° graduation with a numbered marker every 45° for
71

operator reference. The compass was mounted directly to the hydrophone holder so
that no rotation on the holder could occur separately from the compass. A pointer was
mounted and centered on hydrophone A. Rotating the PVC pipe attached to the array,
the operator aligned the pointer with the target angle on the compass while looking
above the pointer.
Hydrophone Calibration
Hydrophone calibration was performed on the SONAR to improve the accuracy
of the system. Imperfections in the construction of the hydrophones and the
hydrophone mounts caused differences in the measured timestamps. Differences of 1
mm or greater were shown to cause large regions of error during testing with the
simulator. To address this problem, the team developed a method to calibrate the
hydrophone positions using data from the actual hydrophone array.
Calibration was performed using the output of the localization program. Two
variables were needed for calibration: actual timestamps from the CC program and the
positions of the hydrophones. The timestamps were created from actual signals taken
in a pool and using the hydrophone test stand. Each signal was associated with a
heading. A total of 36 samples were taken at 10° increments with the transmitter 10 m
away and at a depth of one meter. Next, a computer program used the 36 samples and
a brute-force method to estimate the actual position of the hydrophones.
The brute-force method calculated the average localization error using the prerecorded samples and by adjusting the hydrophone positions in software. Six
hydrophone position variables could be adjusted:
•
•

𝑥 position on hydrophone B
𝑥 and 𝑦 positions on hydrophone C
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•

𝑥, 𝑦, and 𝑧 positions on hydrophone D
To use the program, the user would input a distance range and a distance

resolution. The distance range represented how far from the ideal positions the
program would begin to “guess” the actual position of the hydrophones. Distance
resolution was the resolution of calculations performed between the distance range. An
estimated bearing was calculated for every sample for every “guess.” The difference
was calculated from the actual bearing and estimated bearing. Next, the average error
was determined. If the average error for the current “guess” was lower than the
average error of the previous lowest average error, the current guess and current
average error were recorded. When completed, the brute-force method would report
the best “guess” with the lowest error. The positions provided by the guess were used
in the localization program.
The amount of localization calculations performed was determined by the
following equation:
2(𝑑𝑔)
𝑑𝑠

𝑝𝑣

𝑛𝑠

(5-24)

Where 𝑝𝑣 is the number of position variables, 𝑑𝑔 is the distance range in mm, 𝑑𝑠
is the distance resolution in mm, and 𝑛𝑠 is the number of samples.
Calibration of the hydrophones was performed on all six positions with an initial
range of 10 mm and resolution of 2 mm. Once completed, the updated hydrophone
positions were implemented into the localization program as the ideal positions. Next,
calibration was performed again using the new hydrophone positions and a range of
5 mm and resolution of 1 mm. This process continued for two more cycles keeping a 5-
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to-1 range to resolution ratio. The hydrophone positions from the last cycle were
recorded and are shown next to the ideal positions in Table 5-3. The calibrated
positions of hydrophones B and C were within 5 mm of the ideal positions. However,
hydrophone D’s 𝑦 and 𝑧 positions varied greatly. This was expected because of a
manufacturing mistake. The fiberglass rod used to offset hydrophone D was cut too
short.
Passive SONAR Results
To test the accuracy of the passive SONAR, a pool test was performed using the
hydrophone test stand and an acoustic transmitter. The stand was placed in the pool,
and its height was adjusted so that the compass was above the height of the water for
visibility purposes. Next, the acoustic transmitter was placed in the water at a depth of
one meter. Using the sighting aperture on the hydrophone test stand, the rig was
aligned with the acoustic transmitter. Once the setup process was complete, shown in
Figure 5-18, SONAR testing could begin.
The SONAR accuracy was measured by recording the calculated headings of the
transmitter at various distances and angles. The SONAR was rotated to a heading of 0°
using the compass mounted on the hydrophone stand. Starting at two meters, 10
received signals were recorded for every 10° on the testing rig compass (36 steps).
The transmitter was then moved one meter away from the SONAR and the 36-step
recording was performed again. The distance between the SONAR and transmitter was
measured using a graduated rope marked with one-meter increments. This process
was performed starting at two meters and continued out to 10 meters, for a total of 3240
recorded signals.
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Using the recorded signals, the accuracy of the SONAR heading and declination
was measured. Three readings of heading and declination were recorded every 10°.
The readings were then averaged and compared to the actual heading and declination.
To visualize the error, the differences were plotted onto 2D graphs shown in Figure 519. These graphs display the SONAR’s accuracy in identifying the position of the
transmitter relative to the SONAR.
The heading accuracy graph had an overall absolute heading error of 5.4°.
Accuracy of the SONAR suffered most along a bearing of 60°. The SONAR had the
highest amount of heading error at four meters and a bearing of 210°. This error was
specific to this point. The suspected cause of the interference was echoes off the
graduated compass. Another hypothesis for the error could be the reported positions of
the hydrophones. Slight differences in the actual versus reported positions could cause
accuracy errors or prevent a solution altogether. The average absolute heading error
per distance graph can be seen in Figure 5-20. The graph shows a decreasing average
error as the distance from the hydrophones increases.
The SONAR’s declination accuracy had an overall absolute heading error of 4.8°.
The declination graph in Figure 5-19B showed a decrease in accuracy along a bearing
of 150°. When a cardinal solution was the only valid solution, no declination bearing
was provided. A lack of a declination bearing is represented by a white region in the
declination accuracy graph. These regions occurred along the following bearings: 60°,
120°, 240°, and 300°. The average absolute declination error per distance graph is
shown in Figure 5-21. The average declination error shows an increasing error trend.
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This can be attributed to the shallower declination angle as the transmitter is moved
farther away.
Ideas for Improving the SONAR
While the SONAR proved accurate, several factors seemed to influence the
SONAR’s inaccuracy. The first was the construction of the hydrophones themselves.
The polyurethane had a specific gravity that was 4% denser than water. Using a potting
material that was durable but had a specific gravity closer to water would have improved
the sensitivity of the hydrophones. A further improvement to the hydrophones would
have been a more consistent method of suspending the hydrophones in the rubber. By
adding a rigid fixture to the baffle, the piezo element could have been suspended in the
center of the mold. This would have ensured that any interference by the potting
material would have been evenly distributed providing more linear signals.
Hydrophones that were manufactured more consistently would be closer to the ideal
hydrophone positions.
The SONAR could be further improved by enhancing the signal calibration
program. This program proved to be very important in providing good signals to the CC
program. During testing, the program worked well when the signal amplitudes were
consistent among the hydrophones. However, when signal amplitudes fluctuated,
signals were cropped a period early or a period late. This caused the associated
timestamp to be off by approximately 30 µs. A signal conditioner that could handle nonlinear signals would be a great improvement to the SONAR system.
Table 5-1. The cost analysis of manufacturing one hydrophone.
Item
Cost ($)
ReoFlex 60 polyurethane
1.75
Piezo ceramic cylinder
22.05
Bulgin SMB plug and cable
20.14
76

3D printed parts / stainless steel hardware
Mold releasing agent
Total

2.08
0.15
$46.17

Table 5-2. The cost analysis of building the passive SONAR computer hardware.
Item
Cost ($)
Pelican case
114.95
Computer
499.06
Advantech PCI-1714UL
948.00
DC/DC ATX power supply
79.00
PCI Express card adapters
25.00
USB +/-12 V power supply
14.99
Wiring and buttons
79.99
Connectors
205.48
Bandpass filter
185.93
Total
$2,152.40
Table 5-3. The ideal hydrophone positions and the calibrated hydrophone positions
Hydrophones
Ideal Positions (mm)
Calibrated Positions (mm)
X
Y
Z
X
Y
Z
A
0.0
0.0
0.0
0.0
0.0
0.0
B
173.2
0.0
0.0
170.5
0.0
0.0
C
86.6
150.0
0.0
83.6
147.65
0.0
D
86.6
50.0
-100.0
86.75
42.2
-87.55

Figure 5-1. Illustration of the hydrophone coordinate system.
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PCI1714UL
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Start

Crosscorrelation

Localization

End

Signal
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Figure 5-2. The four sections of programs used to analyze sounds: the signal capture
driver and simulator programs, signal conditioner program, cross-correlation
program, and the localization program.

B

A

Figure 5-3. A) Actual 28 kHz signals sampled at 300 kHz. B) Simulated 28 kHz signals
sampled at 300 kHz.

Figure 5-4. This graph represents 16000 data points recorded with four hydrophones at
a sample rate of 2 MHz. Each channel contains 4000 samples.
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Figure 5-5. The above image shows four signals post conditioning. Only the first four
periods of the signal are passed to the cross-correlation program.

Figure 5-6. These three graphs show the CC of the signals from hydrophones B-C
when compared to the reference hydrophone. The peak of each graph
represents the time when the measured signal best aligns with the reference
signal.
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Figure 5-7. The localization program flow chart. The cardinal program helps determine
when the localization program has estimated a poor transmission bearing.
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A

B

Figure 5-8. A) This graph shows the simulated SONAR’s heading error. B) This graph
represents the simulated SONAR’s declination error.

Figure 5-9. A Teledyne Marine ALP-365 acoustic locater pinger. The device was
programmed to transmit a 30 kHz signal at 177 dB once a second. Author’s
photo.

A

B

C

Figure 5-10. A) An inside view of the piezoelectric showing the solder points, B) The
piezo element with 3D printed baffle, C) The element suspended in the mold
prior to potting with polyurethane. Author’s photo.
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Figure 5-11. A finished hydrophone. The polyurethane cures white. However, over
time, when exposed to UV light, the rubber turns to a darker brown. Author’s
photo.

A
B
D
B

C

A
Figure 5-12. A) Schematic of the hydrophone array showing the dimensions of the
array, B) Photograph of the actual array mounted onto the SONAR testing rig.
The testing rig adapter is attached to the array in this picture. Author’s photo.
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Figure 5-13. This photo shows the internals of the SONAR box. The ATX power supply
and USB powered switching supply are in the top right. To the right of the
power supplies is the computer with mounted Advantech digital to analog
converter. The amplification and filtering circuit board are in the bottom left.
Author’s photo.

Figure 5-14. The custom printed circuit board used to amplify and filter signals from the
hydrophone array. Author’s photo.

83

Hydrophone
Instrument
Amplifier

Bandpass Filter

Instrument
Amplifier

Bandpass Filter

Hydrophone

Advantech PCL1714UL Analog to
Digital Converter

Hydrophone

Instrument
Amplifier

Bandpass Filter

Instrument
Amplifier

Bandpass Filter

Mini-ATX Desktop
Computer

Hydrophone

Figure 5-15. The Signal Flowchart. The signal from the hydrophones is first amplified
by 44.5 dB, filtered, and amplified again by 12 dB and passed to the
Advantech analog to digital converter.

Figure 5-16. The hydrophone array test stand, designed to ensure that the frame did
not interfere with the received signals. Author’s photo.
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Figure 5-17. An operator’s view of the graduated compass and hydrophone array.
Slots in the compass were made at 10° increments. Author’s photo.

Figure 5-18. A student orients the hydrophones toward the acoustic transmitter
positioned two meters away. The transmitter is hanging from the PVC
column on the right of the image. Author’s photo.
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Figure 5-19. A) The heading accuracy graph. B) The declination accuracy graph. The
white regions within this graph represent points where only the cardinal
solution was valid and a declination bearing could not be found.
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Figure 5-20. The absolute average heading error graph. The least accurate readings
occurred when the transmitter was placed at four meters.
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Figure 5-21. The absolute average declination error graph. This graph’s error tended
to increase with distance. The increasing error can be attributed to the
shallower declination angle as the transmitter is moved farther away.

87

CHAPTER 6
FUTURE WORK AND CONCLUSIONS
The submersible and the SONAR system were both developed for less than
$5,000.00. This low cost was achieved because of the following:
•
•
•
•

Constructing the submarine hull using 3D printing
Using off-the-shelf electronics
Creating sensors in house rather than purchasing from a manufacturer
Purchasing affordable alternatives to waterproof connectors
The SONAR system was proven to be accurate and had strong correlation to the

simulated SONAR data. This was confirmed by testing the SONAR system in a pool
using an acoustic transmitter. The SONAR proved that it could be used to track
Anglerfish and function as a navigational tool.
This research could be advanced by Integrating the SONAR with Anglerfish. The
SONAR, from a fixed position, would track the transmitter on Anglerfish. As Anglerfish
moved, the bearing and declination of the pinger would also change. This difference in
angle and declination would be combined with the submersible’s depth. Combining the
three data points would provide the estimated position of the submersible. These points
would be combined using an extended Kalman filter. Thus, the combined system would
act as an underwater positioning system.
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APPENDIX A
POTTING PROCESS
As with any underwater vehicle, every component must be waterproof. There
are many ways to prevent water from damaging electronics. A popular method involves
the use of potting materials. These materials are used to encase an object, effectively
sealing it from water.
Because the watertight capsule used on Anglerfish was small, many components
would not fit inside the tube. Motor controllers, the power merge board, and the docking
system required external mounting. These devices had to be sealed. Any cables that
were soldered externally also had to be potted. Figure A-1 shows the process used to
pot an electrical component.

A

B

C

Figure A-1. Potting of the microcontroller used to generate PWM signals for the motor
controllers. A) The microcontroller and the bottom-half of the cable strain
relief frame. In addition to strain relief, the black ABS frame provides
mounting holes for attachment to the ROV. B) A partially filled mold
showing the top of the microcontroller. C) The potted device ready to be
mounted onto Anglerfish. Author’s photos.
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APPENDIX B
CAMERA CALIBRATION PROCEDURE
Calibration of the camera lens was performed using ROS software and a
checkerboard calibration target. To calibrate the lens, the number of checkerboard
squares and square sizes are passed to the calibration software. Using the video feed
from the camera, the software searches for the checkboard target. Upon recognition,
the image of the target is recorded. The target must be moved and rotated to provide
the software with multiple perspectives, as shown in Figure B-1. These perspectives
are used to describe the motions of a dynamic object about a static camera. Using the
estimated motion and the pinhole camera model, the software can calculate the lens
distortion [51]. Camera calibration parameters are provided in the form of a 3x3 matrix.
This matrix is used to remove the radial and tangential distortion from the image.

B

A

Figure B-1. Perspective from the camera during calibration. A) This image shows the
target skewed horizontally, while in B) the target is skewed vertically.
Author’s photos.
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APPENDIX C
ACOUSTIC TRANSMITTER DESIGNS
The first transmitter consisted of a motor controller and a 44 kHz ceramic ring
shown in Figure C-1. The motor controller was selected as the driver because of its
ability to “push and pull” the ceramic using an H-bridge. For power, 12 V were provided
to the motor controller. This allowed the ceramic to be driven at 24 Vpp. The 44 kHz
ceramic ring was selected because its resonant frequency was within the desired
frequency range. When driven, the ceramic ring emitted a barely audible “click.” When
the transmitter was placed in the water, the 12 V provided to the motor controller were
not enough to excite the ceramic for acoustic tracking purposes.
After the failure of the motor-controller based controller acoustic transmitter, a
prototype was made using a MAX4940 integrated circuit. The prototype can be seen in
Figure C-2. The system consisted of several power supplies, two LED numerical
displays, a transmit button, and several potentiometers. The device could vary the
transmit frequency, rate, and voltage supplied to the piezo element. Frequency, rate,
and voltage were indicated on the LED numerical displays. A piezo element was
connected to the device and tested in a small pool. Testing proved that the transmitter
could be detected across the entire length of the pool, approximately 20 m. This
prototype proved that the MAX4940 could work as an acoustic transmitter.
The next step was to make a custom circuit board and use the MAX4940 chip.
Figure C-3 shows the custom printed circuit board (PCB). This board provided
regulated power to the Integrated Circuit (IC). It also allowed a microcontroller to drive
the chip using digital signals.
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Although the MAX4940 board was well-designed, a transmission problem was
detected when the components were placed on the PCB. Operators noticed that the
output from the new PCB was weak. Troubleshooting revealed the absence of a
negative signal. Figure C-4 shows the signal output of the prototype board and the
signal output of the new PCB. It was suspected that a poor connection with the
negative output of the MAX4940 IC was the result of the poor transmissions. An
attempt to replace the MAX4940 IC resulted in the destruction of the custom PCB
shown in Figure C-5.

Figure C-1. The first-generation acoustic transmitter with custom PCB. This version
used a motor controller to drive the ceramic. The entire assembly was
sealed in polyurethane before mounting onto Anglerfish. Author’s photo.
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Figure C-2. The transmitter prototype was designed to test different piezoelectric
ceramics. It was built around the MAX4940 high-voltage digital pulser chip.
Author’s photo.

Figure C-3. The above circuit board was created after several successful tests of the
MAX4940-based prototype. Power entered the board from the left side and
was discharged into the ceramic through the top-right wires. Author’s
photo.

A
Figure C-4. A) Output from the original prototype. The signal clearly rises to +200 V
and descends to -200 V at a 50% duty cycle. The output from the custom
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B

MAX4940 PCB is shown in B). Here, the signal can be seen rising to +200V
but is not descending to -200V, resulting in a loss of 50% power. Author’s
photos.

Figure C-5. After suspecting a bad part, the MAX4940 was removed from the custom
PCB. However, during removal of the chip, the PCB was damaged.
Author’s photo.
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