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Dear Mrs. Kowalchuk,
Please accept the accompanying Work Term Report entitled "The UVic Autonomous
Underwater Vehicle Team's 2004 Passive Sonar System."
This report is the result of work done for the UVic Autonomous Underwater Vehicle
Team. During my second work term as a third year UVic electrical engineering student, I
debugged, improved and designed various subsystems of the Autonomous Underwater Vehicle,
for the purpose of getting a high ranking at the international Autonomous Underwater Vehicle
Competition. In the course of this work I designed and built a passive sonar system for the
purpose of locating a sonar pinger in the competition pool.
I had to dedicate the week before heading down to the competition to my Elec499
project, which left me less than a week to finish designing and construct the sonar system. The
day before the competition, we discovered that the navigation by compass system was behaving
erratically and work on the sonar system was put on hold until the steering system was
completed, which was just barely in time for our turn at the competition.
Through the course of the term, I was given the opportunity to learn much about
programming PIC Micro Controllers, interfacing micro controllers with analog and digital
circuits, analog audio processing, and sonar. I feel that this knowledge will be helpful in future
work terms, and in my career.
I would like to thank my current and past teammates, especially Donovan Parks, for
recruiting me, and teaching me how to use PIC Micro Controllers, and giving me a goal to apply
my engineering skills towards.
Sincerely,

Dylan Hoen
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Summary
Uvic has an AUV (Autonomous Underwater Vehicle) team that competes in an
international competition in San Diego every summer. Part of this competition requires a
passive sonar system to locate a sonar pinger in the competition pool. This sonar system
uses 4 sonar sensors located in the corners of the AUV. The timing of the received sonar
pings would be used to calculate the angle to the sonar source. The 4 audio channels are
amplified, band pass filtered, reamplified and calibrated, put through an envelope
detector, compared to a threshold voltage, and read into a PIC Microcontroller. During
testing, it was determined that the engine noise was transferred through the AUV body to
the sonar sensors and probably drowned out the sonar signal. The next AUV revision
should have a dampening material connecting the engines to the AUV and the sonar
sensors to the AUV. The band pass filter should be sharpened.
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Glossary of Terms and Symbols
Autonomous
communication or control.

Independent. No human or external computer

A

Amperage.

Amp

Short for Amplifier

AUV

Autonomous Underwater Vehicle

Band Pass Filter
A filter that only lets a certain continuous range of
frequencies through, while cutting off higher and lower frequencies.
K

Kilo Ohm

Op-Amp

Operational Amplifier

Passive Sonar System

Sonar system that only listens and does not produce sound

UF

Micro Farad

UVic

University of Victoria

V

Voltage
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1.0 Introduction and Background
Every summer, there is an international autonomous underwater vehicle
competition in San Diego for teams of university, collage, and high school students.
Each team attempts to build an autonomous underwater vehicle that can complete an
underwater obstacle course using various sensors such as sonar, vision, compass,
pressure, and acceleration, but with no human or external computer communication. The
teams are told a vague description of the competition about 10 months in advance and are
told more specific information as the competition date gets closer. Many specifics are
not known until the teams get to use the competition pool 3 days before the competition.
There are 2 or 3 submersible vehicle projects at UVic. This particular project is
called the “UVic Autonomous Underwater Vehicle Team” and is composed mostly of
undergraduate engineering students. The 2004 competition was the third year that UVic
had competed. At the first competition, the AUV (Autonomous Underwater Vehicle)
looked like a milk crate with some propellers and electronics attached to it. The AUV
didn’t get many points at the competition and UVic shared the best rookie team award
with one or two other teams. After the first competition, the team knew what they had to
design and designed a much better AUV. The team had flown to the second competition,
and the AUV had been damaged in transport. One of the thrusters had been bent slightly
and during the competition the AUV drove in a big circle instead of a strait line. For the
2004 competition, most of the students from the original AUV team had graduated and
were no longer part of the team. The 2004 team consisted of about 6 dedicated
undergraduate engineering students and a few others that drop by from time to time. The
2003 AUV was reused and modified for the 2004 competition.
Figure 1: A picture of the exterior of the 2004 AUV as it was being lifted to the
competition pool:
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Figure 2: The subsystems of the 2004 AUV before the sonar board was built:
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The few facts known about the 2004 competition just before heading to San Diego were:
The AUV was to start out aimed at a validation gate and to pass through the gate.
Then the AUV was to see some lights in front of it and steer towards them.
Then the AUV was to see some rectangular bins below it and drop two markers into
them, with the last bin being worth the most points.
Then the AUV was to locate a 20KHz to 30KHz sonar pinger in the pool and surface in
the recovery area above it.
Figure 3: This is a diagram of the rough layout of the objects in the pool. Objects are not
to scale and locations and angles aren’t exact [1]:

Figure 4: A photograph of the pool with a car in the lower right hand corner to show
scale [1]:
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The AUV needed a passive sonar system to locate and drive it toward a 20 kHz to
30 kHz sonar pinger, and to tell the AUV to surface when it was close enough. The rest
of this report will explain the various design, construction and testing processes that went
into making this passive sonar system.
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2.0 Design
2.1 Problem
The AUV had to locate a sonar pinger in the pool. It pinged at an unknown
frequency between 20KHz and 30KHz. There was also a second pinger in the pool,
which pinged at an unknown frequency between 20KHz and 30KHz. One of the pingers
was for the practice side of the pool and the other was for the competition side of the
pool. The two pingers ping alternately at one second intervals. So one pinger pings, then
a second later, the other pinger pings.

2.2 Assumptions
It was assumed that if several sensors were placed in the water, the one closest to
the sound source would hear the sound first. It was also assumed that having a barrier
between them, the closest sensor would hear a louder sound than the other sensors.
Assuming that the power of the sound went down to the radius from the sound source
squared, and that the AUV was very small compared to this radius, it was determined that
this difference in volume was insignificant compared to the 5% tolerance of some of the
components used to construct the sonar system, so volume couldn’t be used to tell the
direction of a sound source. It could however be used to determine if the sound came
from the closest pinger, or the more distant pinger.
The AUV uses an algorithm that uses compass readings to steer it to follow a
strait line. If the angle to the pinger could be calculated, the compass algorithm could be
used to drive toward it. If two sensors were placed in the water, it could be determined
which one was closest to the sound source, but it couldn’t be determined what angle the
sound originated from. If three sensors were placed in the water to form an isosceles
triangle, the relative left to right position of the pinger could be calculated using the
timing of the two sensors at the base of the triangle and the relative front to back position
could be calculated by the difference in time between the average of the two base sensors
and the third sensor. If all three sensors trigger at about the same time, the AUV would
be right above the sonar pinger, and it would be time to surface.

2.3 Initial Design
There were four sensors on hand left over from the previous year. Three of them
were given to the team’s mechanical engineer to install onto the AUV with two at the
front corners and one in the back middle, and the forth one was used for testing.
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The initial design of the audio processing system was the output of the sonar
sensor was connected to a high gain, low noise preamplifier. The signal was then fed
through a band pass filter, then through calibration amplifier, then through an envelope
detector, then through a threshold detector and then the digital output of the threshold
detector was read into a PIC micro controller. The analog output of the band pass filter
was also read into the micro controller, but would be used for determining the loudness of
the ping and not the direction of the pinger.
Figure 5: The initial design of sonar system block diagram:

2.4 Preamplifier
The first step was to design a high gain, low noise preamplifier. Using a
multymeter, the DC impedance of the sonar sensor was determined to be greater than 2
mega ohms. That number didn’t seem right as there wouldn’t be enough current in the
wire to overcome inductance from the magnetic fields in the air. An underwater speaker
was placed in a bucket of water and was powered by an audio amplifier connected to a
computer. The sonar sensor was also placed in the bucket of water and connected to an
oscilloscope. A computer program was used to generate sine waves of various
frequencies, and a peak in oscilloscope output was noticed at 15 KHz. The signal was
only a few milivolts. To determine the output impedance of the sonar sensor, resistors
were connected in parallel to it until the signal on the oscilloscope dropped to about ½ of
its original value. The input impedance was determined to be 300 ohms.
6

There was one low noise Op-amp IC on hand and it was designed to be powered
by +-5v and there were 4 op-amps in the IC. Each sensor used one of the op-amps in this
IC for its preamp stage. It was decided that a 100X amplification would be a good
preamp amplification. The amplifiers were wired in an inverting as an inverting
amplifier with a 470 ohm input resistor and a 47kohm feedback resistor. The 470 ohm
input impedance was chosen so that the resistance was similar to the 300 ohm output
impedance of the sonar sensor, but not so low that it dropped the voltage very much to
get as much signal over the noise generated by the op-amp and it’s noisy power
terminals. The AUV’s power supply produces +12v, +5v, -5v, and -12v. The op–amp
chip was powered from the + and – 5v lines through RC low pass filters. The resistor
was chosen to be 10 ohms and the capacitor was chosen to be 330 uf as they were the
most appropriate out of the limited supply available. This low pass filter had a corner
frequency of 1/(2PiRC) = 48 hz, and anything near or below that frequency would be
filtered out by the band pass filter later on.
Figure 6: The preamplifier of the sonar system:
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2.5 Band pass Filter
The next stage was the band pass filter. A resonating second order band pass
filter was chosen because it could filter the signal more sharply than 2 cascaded first
order filters, but had a lower parts count than a higher order filter. The design of the
second order filter was found on a webpage at [2]:
http://www.swarthmore.edu/NatSci/echeeve1/Ref/FilterBkgrnd/Filters.html
Figure 7: The second order band pass filter used in the sonar system. Images and
equations taken from a webpage at [2]:

f0 was chosen to be the geometric mean between 20KHz and 30KHz, which was
24.5 KHz and w0 calculated to be f0*2Pi. The bandwidth was calculated to be 30KHz –
20KHz = 10KHz. Convenient values in the 10k range were chosen for the resistors, and
the capacitors were calculated to be between 2200pf and 3300 pf. A 3300 pf capacitor
was chosen, and the resistor values were recalculated to be 750 ohms for R1 and R2 and
10k ohms for R3. The circuit was simulated in Microcap and it was determined that the
bandpass filter had a center frequency that was way too low. By simulating the circuit
with different resistor values, it was determined that replacing R1 and R2 with 600 ohm
resistors moved the center frequency back to about 24 KHz, but with the side effect of
making the filter sharper. It was assumed that the sharper filter was a good thing and
would filter out more engine noise.
Figure 8: The Microcap simulation of the amplification of the band pass filter as a
function of frequency:
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A LM348 quad op-amp IC was used for this and all subsequent stages of the
sonar system. These op-amps were powered by +12v and –12v through RC low pass
filters.
The values of 10ohms and 330 uF were used again to construct the filter, and all other opamp chips shared this one filter.

2.6 Calibration Amplifier
The signal still needed to be amplified to be strong enough to read into the PIC
micro controller’s analog to digital converters with any accuracy and to be compared to
any significant reference voltage. At the same time, the amplification of each channel
needed to be adjustable to overcome variations in the various components used in the
sonar system. Quale Electronics had one bin of tiny multy-turn potentiometers with a
resistance value of 20k. An inverting amplifier circuit was designed with the 20k
potentiometer in the feedback loop and a 5k ohm (4.99k ohm was closest available value)
resistor was chosen for the input impedance. That only gave a maximum amplification of
4X, but any lower of an input impedance, and the output of the previous op-amp would
be affected.

2.7 Envelope Detector
The envelope detector was split into 2 parts: a rectifier, and a quick rise, slow fall
peak detector. The rectifier circuit was found in Zeilinski’s 2003 Elec380 course notes
and is shown below [3].
Figure 9: The Envelope Detector Circuit [3]:

The quick rise, slow fall peak detector was designed so that the capacitor was
small enough to charge quickly enough to detect the peak, but big enough to maintain
that peak voltage without being effected too much by the input impedance of the next
stage. The resistor was chosen so the RC circuit had a 1/e life of 0.1 seconds, so that the
peak would be maintained long enough to be detected by the micro controller, but die
down quickly enough to be insignificant by the time that the next ping starts 1 second
later.
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2.8 Threshold Detector
The threshold detector should have been built using a TTL level comparator, but
as none were available at the time, one had to be built out of an op-amp and some diodes
and resistors. A reference voltage was made by taking the low pass filtered +5v power
line and dropping it across a 1k multy-turn potentiometer. This reference voltage was
low pass filtered by adding a 100uf capacitor to the output of the potentiometer. This low
pass filter has a maximum 1/e life of 1/20 of a second, which maximizes stability while
maintaining an unnoticeable delay when adjusting the potentiometer by hand. The
reference voltage produced is the threshold voltage for each comparator. It should be set
to a level where it’s not triggered by the sounds of the AUV motors and the background
noise of the pool, but is triggered by the sonar pinger in the pool. The threshold voltage
is shared by each of the 3 audio channels.
Figure 10: The threshold detector circuit:
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2.9 Micro Controller
The AUV uses a network of PIC16F876A micro controllers to run all the various
subsystems. The minimum amount of circuitry required to run the PIC micro controller
is a 20 mhz crystal and capacitors, or a ceramic resonator, +5V power and ground, and a
resistor connecting the reset pin to +5v. The +5v input should be stabilized by a small
capacitor and the reset pin should have a capacitor connecting it to ground, so the PIC
turns on after a short delay where the +5v stabilizes. A MAX6341 4.096V voltage
reference chip was used to supply a stable reference voltage to the micro controller’s
analog to digital converter’s reference voltage pin. The micro controller had an analog
input from each envelope detector, and a digital input from each threshold detector. It
had an LCD screen for getting feedback from input sensors for use when programming
the micro controller. It had some additional circuitry for running the weight dropper
solenoids, and it had 2 wires that connected to the I2C buss for communication to the
PC104 computer that made the main decisions for the AUV.

2.10 Circuit board Design
It was awkward for the mechanical engineer to add the third sonar sensor to the
middle of the rear of the AUV, so it was added to the corner of the rear. To make things
symmetrical, the fourth sonar sensor was added to the other back corner. This meant that
the sonar system now had four audio channels instead of three. A virtual back middle
sonar sensor could be created by averaging the two back corner sensors.
VectorWorks, a general purpose CAD program was used to design the circuit
board layout. There are much better circuit board layout programs available, but there
were no circuit board software experts available. The board layout was designed on 2
layers. One was for everything that was to be printed onto the circuit board and the other
was for all the components and text to build the circuit. The grid was set to 1/10 inch
space spacing, which is the same spacing as the holes in a breadboard. Copper traces
were set to 1/20 inch (half the width of the grid spacing). Drilled holes with copper pads
around them were made from a 1/15 inch copper pad with a 1/45 inch hole in the middle.
The hole in the middle was used as a center punch to guide the drill into the right spot in
the board. When the circuit was almost completed, a third layer was created and the
copper trace layer was copied and pasted onto it and the wires were color coded by
voltage and audio channel to make it easier to double-check and debug the circuit.
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Figure 11: The copper traces to be transferred to the circuit board (not to scale):

Figure 12: The color-coded circuit and parts layout (not to scale). After construction, it
was determined that there was a mistake in the bottom circuit board: The +5v and +12v
lines were switched around:
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3.0 Construction
The circuit board layout was converted to a pdf file and uploaded to the Internet.
The circuit board layout was printed onto a piece of paper at a printing store and then
photocopied onto a transparency. The transparency copy was very low quality and light
could be seen through the dark regions. A better photocopy machine was used, but still
the transparency was low quality. The piece of paper was taken to staples and after a
coupe of tries, they managed to make a high quality copy. The problem may have been
that the black ink printed onto the piece of paper by the laser printer was shiny when
viewed from the right angle. That shininess made the photocopies lighter, with holes in
them.
The transparency was laid over a copper clad circuit board covered in a thin UV
light sensitive protective layer. The circuit board was placed in the Sun for 10 minutes to
weaken the UV sensitive coating. The circuit board was then dipped in a Sodium
Hydroxide based developer solution, which ate away the protective layer where it had
been weakened by the Sun’s UV rays. Unfortunately, the protective layer completely
dissolved off leaving no useful pattern behind. The exposure was repeated a second time,
on a different copper board, but for only 2 minutes. This time the protective layer
remained on the circuit board where the copper traces would be.
Figure 13: The circuit board being exposed in the Sun:
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The circuit board was then dipped in a ferric chloride etching solution that
dissolved all the exposed copper.
Figure 14: The circuit board being etched by ferric chloride at the beginning and near the
end:

Figure 15: The circuit board after etching is complete, showing the copper circuit traces,
which are covered in the light sensitive protective layer:
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The protective layer was then dissolved off by dipping the circuit board in
isoproponal alcohol.
Figure 16: The circuitboard showing copper traces:

The circuit board was then dipped into a liquid tin-plating solution, which tin-plated the
copper. The tin plating protects the copper from corrosion and makes it much easier for
the solder to stick to.
Figure 17: The circuit board after dipping in the tin-plating solution:
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The holes in the circuit board were then drilled using a Dremel drill secured into a
Dremel drill press using tiny drill bits with a diameter of about 1/32 of an inch.
Figure 18: The circuitboard being drilled:

The circuit board was then cut in half and the 2 circuits were separated, which
took a while, as there were no good tools handy for the job.
A sock was dipped in resin flux and rubbed over the circuit board to make the
solder stick to it easier. All the components were inserted into the circuit boards and their
leads were spread in order to lock them in place and keep them from falling out when the
circuit board was turned upside down for soldering. The leads were clipped just after
they were soldered to make room for the soldering iron to reach the next lead. The
circuitboards were soldered from the outside in.
16

Figure 19: A partially soldered circuit board:

Because of the low quality photocopying onto the transparencies, there were a
few breaks in the copper traces. All the traces were coated in solder combat this problem.
Figure 20: A completed circuit board. All the traces are coated in solder, and the
mistake in the circuit board is corrected in the lower right corner:
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4.0 Testing
After some testing and debugging, it was determined that the +12V copper traces
and +5V copper trace out of the power connector were reversed, so the copper traces
were ground down and jumper wires were put in place to connect the +5V and +12V pins
on the power connector to the proper copper traces on the circuit board. After a bit more
debugging, it was determined that the +12v wire was faulty, and it was replaced. Each
audio channel was tested with a signal generator and an oscilloscope on multiple
frequencies to verify the proper response.
It was falsely assumed that a sonar sensor could be inserted into the competition
pool and the sonar waveform could be viewed on an oscilloscope to gather data for
volume level and band pass filter tweaking. The competition pool was fenced off and the
only access to the water was 2 15-minute test runs in which the AUV was sealed up and
no oscilloscope could be connected.
Software was written to show the output of the analog to digital converters on the
LCD screen. This software low-pass-filtered the signal so the average of the last 1/2
second was displayed every 1/2 second. The professional diver who managed the test run
said that the LCD screen displayed 3’s when the engines were off, and a number around
80 when the engines were on. There was a small chance that the sonar pulses could out
power the engines but they were too short to raise the average over the last 1/2 second to
above the noise of the motor. The software should have displayed the peak value over
the last 1/2 second instead of the average, but it was too late to update it. The navigation
by compass system was malfunctioning and work on the sonar system was put on hold
until the steering system was working.
Figure 21: The completed sonar hardware with the LCD screen showing the readings
from the 4 sensors:
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5.0 Conclusions and Recommendations
It is likely that the sonar sensors are picking up too much noise from the motors to
hear the sonar pingers. There are a couple of ways to improve this. A new AUV body is
being designed for the 2005 competition in which the motors will be connected to the
AUV body with a vibration absorbing material. The sonar sensors will also be connected
to the AUV with a vibration absorbing material. The other solution is to use a sharper
band pass filter. A sharper op-amp based band pass filter would take up much more
circuit board area, and would be hard to adjust to different frequencies. One of the teams
used a field programmable gate array connected to a 350,000 sample/sec analog to digital
converter to implement a sharp, programmable digital band pass filter. It would be
worthwhile looking into a dedicated digital signal-processing chip.

19

References

[1] "Official Rules and Mission 7th Annual International Autonomous Underwater
Vehicle Competition" AUVSI webpage
Available at:
http://www.auvsi.org/competitions/2004%20AUV%20Comp/Rules%20Mission_Final_2
004.pdf
Supplied as Appendix A
[2] Erik Cheever, "Introduction to Filters: Frequency Response and Active Filters"
Swarthmore Collage Faculty of Engineering
Available at: http://www.swarthmore.edu/NatSci/echeeve1/Ref/FilterBkgrnd/Filters.html
[3] Zelinski, Adam, Electronic Circuits II course notes, University of Victoria, 2003
“Work Term Report Guidelines” University of Victoria Engineering Coop Department,
2004
available at:
http://www.coop.engr.uvic.ca/engrweb/WTR.HTML
Conversations with Bill Shera, who had done some research into the sonar system before
heading off onto a work term.

20

Appendix A
2004 Autonomous Underwater Vehicle Competition Rules And Mission [1]

Appendix B
Testing Source Code

