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DESIGN PROCESS 
 

I. INTRODUCTION 
The idea for this project began when two of my 

team members, Sebastian Bonafede and Eric 
Thompson were discussing the usefulness of a 
device that could track a submerged object, such as 
a scuba diver. As both of them are divers, they 
understood the value of this information to a dive 
master or dive instructor. One may think it could 
be as easy as giving the diver a mobile phone-like 
device and using cell technology to determine the 
diver’s position, similar to the method used by 911 
responders to find a caller. Additionally, if the 
diver carried a Global Positioning System (GPS) 
device and a radio he could read their position and 
tell whoever was listening where he was, if he 
knew. 

However, none of these options is viable 
because they all depend on radio waves, also called 
electro-magnetic radiation. Water, especially salt-
water, is a partial conductor and effectively shields 
the receiver from orbiting satellites. This hampers 
any attempt to use a GPS underwater, just as cell 
reception decreases when one enters a steel-framed 
building.  

The attenuation of the radio signal is dependent 
upon the radio frequency used, the water’s salinity, 
and the water’s temperature. There is additional 
attenuation if the radio signal has to cross from one 
medium to another, as in air to water. A GPS signal 
in ocean only penetrates a few inches and the 
lowest civilian band frequencies only penetrate a 
few feet. Lower frequencies will penetrate farther, 
but as the frequency decreases, the antenna size 
must increase. 

Other, more expensive, options already exist. 
The Navy uses a system to track its divers to an 
accuracy of a centimeter. However, that system 
costs tens of thousands of dollars per unit. Two-
way underwater radios do exist that use ultra-sonic 
frequencies for communication, but these cost 
nearly a thousand dollars and depend on the ability 
of divers to know their own location.  

Our proposed device fills a void in the 
recreational scuba diver market. By sacrificing 
accuracy, this device will report the general 
location of a diver. Thereby, alerting those 
responsible if the diver is going too deep or is too 
far away. 

The following document outlines and describes 
the design process through which the hardware of 
the aforementioned device evolved. 

II. BRAINSTORMING 
As a group project, the first step, is deciding 

what the project is going to be. The ideas ranged 
from branch predicting in computer architecture to 
turn-signal-radio synchronization hardware for 
cars. However, we decided to make a set of criteria 
that would allow us to rank proposed projects. 

We decided the project should: 
• Provide design opportunities for all 

group members 
• Play to unique strengths of the group 
• Be neither too simple nor too complex 
• Appeal to the team in a way that will inspire 

excitement 
The decision to launch with the diver-tracking 

device fulfilled all these requirements. 
As the group comprised three Computer 

Engineers (CpE) and one Electrical Engineer (EE), 
we needed a project that covered a broad range of 
computing levels. This project had hardware, 
FPGA, microcontroller, and software design. 

Sebastian Bonafede and Eric Thompson both 
had extensive diving experience and could bring 
that unique experience to bear on the project. 

The project allowed for varying degrees of 
complexity. If the original design aimed too high, 
we could pare it back from an actual working 
model to a proof of concept prototype. If the design 
was too simple, we could add complexity. These 
additions were part of the next step and are later in 
this document. 

The final criterion proved to be the most difficult 
to fulfill. Each member had brought his own 
proposals to the table, and now each member had 
to try to rally support for his project. In the end, it 
was the uniqueness and marketability of this design 
that won. 

III. INITIAL DESIGN 
We developed the original plan over the next 

few weeks during informal brainstorming meetings 
among varying numbers of group members. We 
proposed the following at a formal group meeting 
in October 2004. 
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A. Proposed Behavior 
1) Top Level  

A triangular array of speaker/microphone pairs 
each independently produces a low frequency ping. 
The remote would respond to any received ping 
with another ping. Using an average for the speed 
of sound at a given frequency over expected ranges 
of temperature and salinity, calculate the distance 
from each array element to the remote device. 

This topology gives us the three values needed 
to triangulate the position. In 3D space, one 
generally needs four distances, but if one restricts 
the resulting values to below the water’s surface, 
only three are required. 
2) Component Level  

Upon receiving the signal to emit a ping, the 
microcontroller outputs a square wave at the 
requested frequency. A smoothing capacitor 
removes high frequency components. The filtered 
and amplified signal activates the waterproof 
speaker.  

The waterproof microphone will receive the 
ping. The received signal is amplified and then 
sampled by a microcontroller to determine if it is 
the same frequency as the sent ping. 

This allows us software control of the frequency 
used and greater flexibility. Additionally, it makes 
the design expandable to multiple remote devices. 

B. Design Flaws 
1) Array 

Investigations by Eric Thompson into 
triangulation algorithms concluded that while not 
necessary a fourth, central array element would 
increase the accuracy of the calculation. Additional 
investigations into triangulation are included in the 
White Paper, “Hyperbolic Positioning 
Techniques,” by Eric Thompson. 
2) Speakers 

The first problem encountered was the 
availability of underwater speakers at the desired 
frequency range. While waterproof speakers are 
abundantly available for pool usage, we found 
none that satisfied the requirement that the ping be 
inaudible to the human diver. This would make the 
device annoying and undesirable. Low frequency 
speakers tend to be quite large, such as sub-
woofers, and higher than audible waterproof 
speakers were not commercially available.  

This led the group into a long investigation into 
methods for transmitting sound from air to water 
and at what frequency is most desirable. 

IV. FIRST ITERATION 
We proposed this design when the group 

reconvened in November 2004, following the 
discoveries of the first design. 

A. Fixes 
1) Array 

With the addition of the fourth array element, the 
cost increased as well. In an attempt to reduce cost, 
the perimeter elements lost their sending circuitry 
and speakers. This complicated the triangulation 
algorithm, but no accuracy was lost. 
2) Speakers 

We eliminated sub-sonic frequencies due to size 
requirements and sonic frequencies because of 
audibility, research centered on the frequency 
range just above the audible range. Since 
traditional magnet/diaphragm speakers were not 
available at these ranges, I abandoned them in 
favor of piezoelectric transducers. 

Piezoelectric materials react to a voltage 
potential by changing size or shape, thereby 
exerting a pressure upon surround materials. In 
addition, the process is reversible; when pressure 
acts upon a piezoelectric material, it produces a 
voltage potential change across it. Additional 
investigations into transducer selection are 
included in the attached white paper, “A Choice of 
Underwater Ultra-Sonic Transducers,” by Chris 
Lindsley. 

B. Proposed Behavior 
1) Top Level 

A central array element emits a ping via a 
transducer. The remote device receives and relays 
the ping. The central array element and the three 
surrounding listening array elements each receive 
the relayed ping at different times.  
2) Sending Circuitry 

The usage of piezoelectric transducers 
eliminated the possibility of a software-controlled 
frequency. Therefore, it was no longer a 
requirement that the microcontroller supply the 
signal. I decided to use a more efficient resonance 
circuit that could drive the capacitive transducer.  

Greater efficiency results when the 
microcontroller produced a signal that was a 
squarewave. Squarewave signals include the target 
frequency and many higher order harmonics. 
Amplifying the squarewave and applying that 
signal to a transducer that acts as a notch-pass filter 
wastes all the power that went into amplifying the 
higher frequencies. 
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The resonance circuit creates the desired 
frequency whenever the DC supply voltage 
activates, with little power loss. 
3) Receiving Circuit 

The piezoelectric transducer will output voltages 
approximately the magnitude of a millivolt. To 
bring this to useful levels, an opamp with a gain of 
100 amplifies the received signal. An opamp 
configured as a peak detector filters the signal. The 
microcontroller samples the resulting digital signal 
and uses this information to determine the received 
signals frequency. Additional investigations into 
triangulation are included in the white paper, 
“Sonic Ping Detection in Time Critical 
Applications,” by Nick Hogle. 
4) Power Supply 

The sending and receiving circuits will require 
multiple voltages. In the final product, the dive 
platform, typically a boat, will supply the main 
power. Assuming that a 12V battery is available, 
we can regulate this down to the 5V required by 
the microcontroller. A high-power buck regulator 
will create the 24V sending voltage. 

C. Design Flaws 
1) Inductors 

We had difficulty finding appropriate inductors 
for the resonance circuit. They needed to be 6.6mH 
and the various vendors we tried were out of them 
in small, through-hole mounted packages. 
2) Peak Detection 

Following the investigation by Nick Hogle, it 
became my responsibility to design the peak-
detection circuit. After a few dead-end designs 
involving differentiating opamp configurations and 
comparators, I decided that the design was 
becoming too complex and difficult to realize. 

V. SECOND ITERATION 
Following the discoveries of the first iteration, 

this design was proposed following experimenting 
with components on protoboards in the senior 
design lab during January and February of 2005. 

A. Fixes 
1) Inductors 

Since the appropriate inductors were not 
available, I reverted to the original sending 
circuitry where the microcontroller supplied a 
signal to the sending circuit. I used a signal 
generator to create a 40 kHz squarewave and used 
an opamp with gain of 5 to bring the 5Vpk-pk signal 
to 25Vpk-pk.  

2) Peak Detection 
I decided to abandon the idea of peak detection 

and use an amplifier, bridge rectifier, and 
comparator to convert the incoming signal from a 
millivolt level signal to a logic true. 
3) Power Distribution 

At this point, we clarified that the perimeter 
array elements would communicate their received 
signals back to the central element for 
computation. As the number of wires connecting 
the elements increased, I decided to create all the 
power rails on the central element and distribute 
them with the signal lines. 

B. Proposed Behavior 
1) Top Level 

The central array element creates a 40 kHz 
signal and emits this signal into the water. The 
remote device receives and relays the signal. The 
array elements receive the relayed signal at 
different times and send this digital signal to the 
central array element. The central element sends 
the received time to a computer. The computer uses 
these times to calculate the location of the remote 
device. 
2) Sending Circuitry 

An opamp amplifies the 5V signal created by the 
microcontroller to a 25V signal and applies it to the 
transducer. 
3) Receiving Circuitry 

The transducer creates a 40 kHz sinusoid 
ranging from 20 to 1mVpk-pk as the sources moves 
from 1ft to 10ft away in air in the normal direction. 
A two-stage opamp circuit with a gain of 100 
increases the amplitude to usable levels and creates 
a negative copy. The opamps have rails at ±5V to 
allow for zero-centered output swing. This clips the 
signal when the remote device is close to the array. 
This signal passes through a bridge rectifier with a 
smoothing capacitor to create a DC signal. Diodes 
with VF=0.5V affect a total reduction of amplitude 
of 1V. A comparator tests the DC level against a 
reference voltage.  
4) Power Supply 

This iteration requires a boost regulator that is 
capable of producing a 25V level at 100mA DC. 
We measured this current via the lab variable 
power supply during testing. 

C. Design Flaws 
1) Slew Rate 

The output current of the amplifier in the 
sending circuit was not great enough to create a 
large enough slew rate for a 25V 40 kHz signal. 
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The signal sent to the transducer was a half-voltage 
triangle wave. 
2) Receiving Comparator 

For testing purposes, it became necessary to vary 
the reference voltage. Additionally, Sebastian 
wished to receive the value of the actual voltages 
instead of a 5V DC signal. 
3) Boost Regulator 

After searching from various vendors, we were 
unable to find a boost or buck regulator that fit our 
wattage and size requirements. 
4) Transducers 

Over the last two iterations various attempts 
were made to waterproof the transducers; all failed. 
The 40kHz signal was unable to penetrate any 
barrier we used to prevent contact between the 
conductive diaphragm of the transducer and the 
water. 

 

VI. THIRD ITERATION 
Following the discoveries of the second 

iteration, this design was proposed following 
experimenting with components on protoboards in 
the senior design lab during March of 2005. These 
were the first attempts at system level integration.  

A. Fixes 
1) Slew Rate 

To increase the available current, I placed both 
packages in the opamp IC in parallel. This doubled 
the drive current and slew rate. 
2) Receiving Comparator 

I abandoned the receiving comparator and 
replaced it with an ADC. The microcontroller used 
by Sebastian was capable of SPI communication. I 
found a 10-bit ADC that used SPI that was readily 
available for order. This new topology allowed for 
additional filtering of the input signal by the 
firmware. 
3) Boost Regulator 

At this point, I realized that the remote device 
would not be able to get power from the boat and 
would have to operate off battery power. Because 
of this, I decided to operate both the array and 
remote device off clusters of four 9V batteries. 
4) Transducers 

We decided to limit the scope of the project to a 
proof of concept prototype. In theory, sound travels 
approximately 100 times farther in water than in 
air. This allows us to estimate the effectiveness of 
the product if waterproofing solution existed. This 
estimate is generous because it excludes the 
reflective losses do to the transition between 

mediums. If the final waterproof solution placed 
the diaphragm of the transducer in direct contact 
with the water, the reflective losses would not 
affect the propagation distance. 
5) Power Supply 

Because of issues with simultaneous interrupts, 
Sebastian had switched the computing on the 
central array element from a microcontroller to an 
FPGA. However, I had not realized that the FPGA 
he was using operated at 3.3V and not 5V. The 
FPGA came with its own test board, so we 
integrated the test board into our design. To power 
the SPI ADCs that communicated with the FPGA, I 
routed the test board’s 3.3V supply to the array 
elements. 

B. Proposed Behavior 
1) Top Level 

The central array element creates a 40 kHz 
signal and emits this signal into the water. The 
remote device receives and relays the signal. The 
array elements receive the relayed signal at 
different times and send this digital signal to the 
central array element. The central element sends 
the received time to a computer. The computer uses 
these times to calculate the location of the remote 
device. 
2) Sending Circuitry 

Two opamps amplify the 5V signal created by 
the microcontroller to a 25V signal and apply it to 
the transducer. 
3) Receiving Circuitry 

The transducer creates a 40 kHz sinusoid 
ranging from 20 to 1mVpk-pk as the sources moves 
from 1ft to 10ft away in air in the normal direction. 
A two-stage opamp circuit with a gain of 100 
increases the amplitude to usable levels and creates 
a negative copy. The opamps have rails at ±5V to 
allow for zero-centered output swing. This clips the 
signal when the remote device is close to the array. 
Diodes with VF=0.5V affect a total reduction of 
amplitude of 1V. A 10-bit SPI ADC samples the 
resulting voltage and communicates this voltage 
continuously with the FPGA on the central element 
or the microcontroller on the remote device. 
4) Power Supply 

Three of the four 9V batteries in the cluster 
create an unregulated rail that powers the sending 
transducer. This voltage sags with usage as the 
alkaline batteries lose charge. The lower battery in 
the cluster creates a 9V rail that I regulate down to 
5V to power the ICs. The forth 9V battery also 
creates a 5V rail, but its regulators positive 
terminal connects to the ground plane. This causes 
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its negative terminal to create a -5V rail for the 
receiving circuit. 

C. Design Flaws 
1) Distorted Output Signal 

Once the sending circuit was stimulated by the 
FPGA or microcontroller and not by a signal 
generator, the waveform transmitted to the 
transducer still appeared distorted. 
2) Noisy Rectified Signal 

The output of the bridge rectifier was not 
smooth. Variations in the signal caused problems 
for the software when it tried to determine if the 
signal was a true received signal or amplified 
noise. 

VII. FINAL DESIGN 
Following the discoveries of the third iteration, 

this design was proposed following experimenting 
with components on protoboards in the senior 
design lab during April of 2005. The technical 
documentation, “Remote Tracking Device,” 
contains specifics of the final design. 

A. Fixes 
1) Distorted Output Signal 

The waveform appeared distorted because the 
FPGA and microcontroller could not source 
enough current for the gain stage. Additionally, the 
gain stage was slow to react and still could not 
produce enough current to achieve the desire slew 
rate. 

To solve the first problem, I placed an opamp 
configured as an inverting buffer between the 
signal source and the gain stage. A single opamp 
then amplified the signal to 27V. I then placed a 
Class-B output stage between the gain stage and 
the transducer to supply the current required to 
affect the required slew rate. 
2) Noisy Rectified Signal 

I placed a capacitor in parallel with the load 
resistor on the bridge rectifier to create a low-pass 
filter. This removed the higher frequency noise and 
provided a much more constant signal for the ADC 
to sample. 

VIII. FUTURE DEVELOPMENTS 
The following are changes that our group would 

have made if we had more time and money. 

A. Waterproofing 
The most obvious improvement would be to 

make the array usable in water. Our team ran out of 
the funding required to buy and test possible 

solutions. In researching this, we found an entire 
academic field devoted to non-reflective 
membranes that we could use to insulate the 
electronics from the water and not reflect the sound 
waves.  

We could also use transducers that did not use a 
conductive diaphragm. If the diaphragm could 
directly contact the water, it should work as 
theorized. The only unknown in this case is what 
diaphragm geometry would not cause cavitations at 
such high frequencies and power. 

B. Array Geometry 
The accuracy of the system decreased if the 

remote was directly over the center node. I 
believed this to be because at this point, all the 
array elements are receiving pings at 
approximately the same time. I proposed 
rearranging the array element into a non-planar 
pattern. The easiest way to do this would be to 
protrude the central node into the detection space. 
However, this issue and possible solution presented 
themselves very shortly before the deadline and the 
software team was unable to make the necessary 
changes to the triangulation algorithm in time. 

C. Actual Location 
In its final stage, the output vector of the 

triangulation system was relative to the location 
and plane of the array. In rough seas, this would 
make it appear that the diver was oscillating when 
it was actually the array moving. To counter this, 
we could use accelerometers to correct for this and 
give a more representative output. Additionally, a 
GPS receiver and digital compass would allow the 
software to output the actual position and heading 
of the diver in longitude and latitude. 
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Technical Manual 
 
 

Sebastian Bonafede Nick Hogle Chris Lindsley Eric Thompson 
FPGA, Team Leader Webmaster, Support Ultrasound, Hardware Microcontroller, FPGA 

bonafede@engr.orst.edu hogle@engr.orst.edu lindslch@engr.orst.edu thompser@engr.orst.edu 
 

1. Introduction 

This document contains the technical specifi-
cations of the Ultrasonic Remote Tracking Device 
developed by the 2004-2005 EECS Senior Design 
group Team25. The sections are organized by as-
cending levels of computing. Section two deals 
with the hardware components and their organiza-
tion. Section three deals the firmware of the FPGA. 
Sections four discusses the C programming of the 
microcontroller on the remote device and section 
five outlines the flow of the Remote Device Visu-
alization Software. 

2. Hardware 

The hardware for this project is made up of 
three separate circuits. Each circuit performs the 
specific task of either sending or receiving a 40 
kHz signal or providing the correct voltages to the 
other circuits. The PCBs containing these circuits 
come in two general configurations. The PCB for 
the satellite nodes contain only the receiving cir-
cuits and the PCB for the central node and the re-
mote device contain both the sending, receiving, 
and power supply circuits. The following text in-
cludes detailed explanation of each circuit and their 
components. Additionally, it will discuss the opera-
tion of the ultrasonic devices it senses and drives. 

2.1. Power supply 

The sending and receiving circuits require sev-
eral different supply voltages. The sending circuit 
uses +5 V and +27 V, and the receiving circuit uses 
±5 V and +3.3 V. A set of four 9 V batteries pro-
vide the power for these circuits. The ±5 V supply 
is produced by an interconnected set of TI780 5 V 
regulator as shown in Fig 2.1. Since each regulator 
is supplied by independent batteries, it is possible 
to connect the Vout pin of one regulator to the 
board’s ground plane. This causes the GND pin of 
that regulator to become a -5 V supply.  

Figure 2.1 
To create the +27 V supply, three 9 V batteries 

are connected in series. This is an unregulated sup-
ply and drops as the alkaline batteries loose charge. 
The only problems this cause is a decrease in send-
ing range as the batteries age. 

To interface with the FPGA, the receiving cir-
cuits require an additional 3.3 V supply. This volt-
age is produced by the FPGA board and distributed 
to each PCB via the wiring harness. The wiring 
harness also distributed the Gnd and ±5 V to the 
satellite nodes. 

2.2. Sending circuit 

The sending circuit, Fig 2.2, starts with a 5-0 
V or a 3.3-0 V square-wave signal, buffers, ampli-
fies, and buffers it again. Since this stage affects a 
negative gain to the signal, the input must be idly 
high for the capacitive load to operate to its fullest 
potential. 
 
2.2.1. Input buffer. The FPGA and the micro-
controller cannot source enough current to drive 
the amplifying stage. This stage uses package-B of 
an OPA2137 in unity feedback mode to buffer the 
input signal. The OPA2137 is unity feedback stable 
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and a 40 kHz signal is well below its corner fre-
quency. 

 
Figure 2.2 

 
2.2.2. Amplifier. Package-A of the OPA2137 is 
used to amplify the signal to operational levels. 
This amplifier has a supply voltage of 27 V to ac-
commodate the 5x gain of a 5 V signal. The center 
point (non-inverting input) is set to 4.8 V to in-
crease the total output swing of the stage. 

 
2.2.3. Output Stage. This stage drives the 
transmitting transducer. This transducer acts as a 
2400 pF load. The previous stage, using an opamp, 
cannot drive enough current to toggle the load at 40 
kHz. To achieve these high currents, a Class-B 
output stage, using 2N3904 (npn) and 2N3905 
(pnp) transistors, to buffer the signal. The Class-B 
output stage adds higher order harmonics; how-
ever, these distortions do not affect the output be-
cause the output transducer acts as a notch-pass 
filter. 

2.2. Receiving circuit 

This circuit senses a millivolt level change in 
the output pins of the receiving transducers and 
translates that into a Serial Peripheral Interface 
(SPI) signal and relays it to the FPGA or microcon-
troller. 

 
2.3.1. Input gain stage. Initially, the input 
transducer’s signal has a maximum magnitude of 
20 mV. However, detectable signals come in at 
little over 1 mV. To bring these detectable signals 
to useful levels, the signal is amplified by package-
A in an OPA2137 with a gain of 100. 
 
2.3.2. Inverting stage. The next stage requires 
the signal to be symmetrical and zero-centered. 
This is achieved by inverting the output of the gain 
stage with a negative-unity gain stage. This stage 
uses package-B in an OPA2137. This stage and the 
previous are illustrated in Fig 2.3. 

 
Figure 2.3 

 
2.3.3. Rectifying and sampling stage. This 
stage creates a DC voltage that can be sampled by 
the ADC, as seen in Fig 2.4. Four 1N5819 diodes 
form a bridge rectifier. This is then loaded by a 10 
kΩ resistor and a 10 nF smoothing diode. The out-
put of this stage is reduced by two VFs. This causes 
a drop of 1 V on the output.  

The analog to digital conversion is performed 
by an MCP3001. This communicates with a Spar-
tan FGPA development board or an AVR board 
that contains an AtMega128 microcontroller. On 
the circuit that communicates to the FPGA, the 
MCP3001 uses a 3.3 V supply voltage. The circuit 
that communicates to the microcontroller uses a 5 
V supply volt-
age.

 
Figure 2.4 

2.3. Transducers 

The transducers have a center frequency of 40 
kHz and a 2 kHz bandwidth. Each sending trans-
ducer can be driven by a maximum of 24 V pk-pk. 
At this amplitude, the receiving transducer can 
detect the signal at distances of 5 meters. 

2.4. Field Programmable Gate Array 

The array control firmware runs on a Xilinx 
Spartan-3 Field Programmable Gate Array 
(FPGA). In order to simplify hardware and save 
money we use a Spartan-3 Starter Kit. The start kit 
features a 200000 gate Xilinx Spartan-3 XC3S200 
FPGA in a 256 ball thin Ball Grid Array and 2Mbit 
Xilinx XCF02S Platform Flash for in system pro-
gramming, a 9-pin RS-232 Serial Port, SRAM, 50 
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MHz crystal oscillator clock source, buttons, and 
LEDS. See Spartan-3 Starter Kit Board User Guide 
for more details. 

 
Figure 2.5 

2.4.1 Pin outs 
The array uses two of the 40-pin connectors 

(A1 and A2). A1 has all the connections to the ar-
ray nodes and A2 provides outputs of a number 
debug signals. 
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Figure 2.6 

 

2.4.2 FPGA user interface 
The starter kit has four push buttons and 
seven LED’s. The array uses two buttons and 
one LED. The left most button provides and 
asynchronous reset and the right most button 
starts pinging operation. The left most LED 
lights up when the array is active. 

 

3. Array Firmware 

The firmware controlling the array resides in 
the Spartan-3 FPGA on the FPGA starter kit board. 
The firmware provides the control for each of the 
receiving nodes, the transmitting nodes, and the 
UART used for communicating the received data 
to the computer running the Remote Device Visu-
alization software. All of the array firmware was 
written in VHDL and compiled, synthesized, 
placed and routed, and loaded with Xilinx’s ISE 6 

Project Navigator version 6.2.03i. The design and 
individual components were simulated with Mod-
elSim XE II/Starter 5.7g. All of the VHDL code 
may be found in Appendix C. 

3.1. node_master 

The top level VHDL is called 
node_master.vhd. All modules are contained within 
this module. The following modules create the data 
path: 

• node 
• counter 
• output_node 
• reg 
• UART 
See Appendix B for an architectural diagram. 

Please see the following sections for detailed de-
scriptions of these modules. The module 
node_master_control provides the overall control 
and synchronization for the entire system. It directs 
the state machines within each of the nodes. The 
module uart_tx_control controls the data sent to 
the Remote Device Visualization software.  

 Figure 2.7 

3.2 node_master_control 

The module node_master_control provides the 
overall control and synchronization for the entire 
system. The source code can be found in the file 
node_master_control.vhd. The interface is as 
shown in Appendix B. 

acti
ve

 le
d

reset
start
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node_master_control

clk

start

reset

cal_done(3:0)

signal_rcvd(3:0)

outping_done

count_done

uart_done

start_rcvrs

start_cal

start_outping

start_uart

reset_regs

start_cntr

stop_rcvrs

Figure 3.1 
See Appendix B for a state diagram of 

node_master_control. The controlling state ma-
chine begins in and idle state and waits on start 
signal provided by the user. Upon start asserting 
high the state machine raises the cal_rcvrs signal to 
direct the nodes to calibrate. The state machine 
waits until all the nodes have been calibrated via 
the signal cal_done(3:0); upon completion of cali-
bration, the state machine starts the counter with 
the signal start_cntr and starts the array’s ping via 
the signal start_outping.  Once the outgoing ping is 
completed, the state machine waits a user defined 
number of cycles before enabling all the nodes to 
receive data. The state machine the waits until the 
timer overflows (count_done asserting high) and 
then instructs the UART to send the times for each 
node to the Remote Device Visualization software. 
Following the transmission to the RDV software 
the state machine resets the registers and repeats 
the process, beginning at the sending outgoing 
ping. 

3.3. node 

node_master contains four nodes correspond-
ing with each of the four physical nodes. Each 
node is identical. This architecture allows for inde-
pendent operation of each node as well as the addi-
tion or subtraction of nodes. The code can be found 
in the file node.vhd. The interface description is: 

miso

start

stop

calibrate

reset

clk

spi_clk

ss_n

sck

signal_rcv

node

cal_done

 
Figure 3.2 

 
Please see Appendix B for an architectural dia-

gram of the module node. 
The node module consists of the modules: 
• node_control 
• averager 
• compare 
•  spi 

3.3.1. node_control 
node_control provides the controlling logic for 

the node and implements the algorithm for detect-
ing an incoming ping. The interface for 
node_control is:  

node_control

clk

start

reset

calibrate

sig_rcv

avg_done

spi_done

compare

start_avg

start_spi

stop

calibrate_done

signal_rcvd

Figure 3.3 
 

Please see Appendix B for a state diagram and 
node_control.vhd in Appendix C for the source 
code. The node_control state machine begins in an 
idle state and waits for either the calibrate or start 
signal to assert. Upon calibrate asserting high, the 
state machine enters a calibrate loop, where it starts 
the spi to initiate the adc sampling (start_spi) and 
the averager (start_avg) module. node_control 
waits for the spi to finish, checks to see if the aver-
ager is finished and if not restarts the spi and re-
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peats the process until the averager is finished and 
then asserts calibrate_done high and returns to 
idle. Upon start going high, the state machine 
leaves idle, starts the spi and then waits until the 
spi is finished. When the spi is finished, the state 
machine forces the compare module to compare 
the data from spi with the calibration data from I 
averager. The state machine checks for a stop be-
ing asserted (returning to idle if so). If the data is 
higher than the threshold (indicated by sig_rcv 
high), then a counter is incremented. If the counter 
reaches a certain value specified by the generic 
high_cnt, then the state machine will assert the 
signal_rcvd and return to idle signal, otherwise the 
process will be repeated. If sig_rcv is not asserted, 
then the counter is reset. This algorithm was found 
to provide the best results. Other algorithms tried 
included a simple assert signal_rcvd on the first 
sig_rcv and an assert signal_rcvd on the second 
sig_rcv after a sig_rcv low. Both algorithms were 
susceptible to noise and provided inconsistent tim-
ings. 

3.3.2. averager 
The averager module reads 8 data readings 

sequentially and averages them with a threshold. 
The interface is: 

averager

clk

start

reset

read

data_in(9:0) data_out(9:0)

done

Figure 3.4 
 

Please find the source files for the averager in 
Appendix C; averager.vhd, avg_controller.vhd, 
and avg_reg.vhd. The averager starts from idle on 
start asserted high, waits for data to become valid 
(signaled by read) adds it via accumulator to the 
initial value (threshold * 8), increments a counter 
and waits on the next read, this continues until 
eight data points have been summed, at this time 
the sum is divided by eight (right shift of three) and 
asserts done. 

3.3.3. compare 
The compare module is a clocked enable com-

parator. The interface is: 

compare

clk

reset

compare

a(9:0) b_greater

b(9:0)

 
Figure 3.5 

 
If the signal compare is asserted then the in-

puts a(9:0) and b(9:0) will be compared. If b > a, 
then the signal b_greater will go high. If compare 
is not asserted, then b_greater will be low. 

3.3.4. spi 
The spi module implements a specialized, lim-

ited function master Serial Peripheral Interface 
(SPI) device. The spi module supports master read-
ing data (Master In Slave Out, MISO) and reads 10 
bits of data. It is specifically designed to work with 
our SPI ADC. To use with any other SPI device 
will probably require changes. The spi module re-
quires that its clock be the speed of the SPI clock. 
As part of its functionality the spi generates the sck 
and ss_n signals. 

The spi’s interface is defined as: 

spi

clk

start

miso ss_n

sck

done

data_out(9:0)
 

Figure 3.6 
 

Please find the source files for the spi in Ap-
pendix C; spi_top.vhd, spi_control.vhd, and 
shift_reg.vhd. shift_reg.vhd implements a shift in 
register with a shift command and a parallel out. 

shift_reg

clk

reset

shift

serial_in parallel_out(13:0)

 
Figure 3.7 
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The control for the spi module is implemented 
by spi_control. 

spi_control

clk_spi

start

reset

done

sck

ss_n

shift_rst

shift
 

Figure 3.8 
 

See Appendix B for the state diagram of 
spi_control. The state machine waits in idle until 
start is asserted, then going to the begin state 
where ss_n is asserted low. The state machine then 
moves to the next state where it shifts data into the 
shift register and starts a counter until the counter 
reaches 12. The state machine advances to a done 
state where it asserts done. sck is only output dur-
ing the middle state. 

3.4. counter 

The module counter provides a time base for 
calculating the distance between each node and the 
diver. It is of generic defined width and has an ovfl 
bit. 

 
Figure 3.9 

See Appendix C for the source code. start re-
sets the counter and starts the counter, which con-
tinues until the next start or restart.  

3.5. output_node 

The output_node module provides the 40kHz 
output ping. 

 
Figure 3.10 

 

It consists of a clock divider (clk_div) and a 
control block (output_control). See Appendix B for 
the architectural diagram of output_node. 

3.5.1. clk_div 
The clk_div divides a clock by the generic 

div_by. In order to produce a clock with a 50% 
duty cycle div_by must be even.  

clk_div

clk

clk_en

reset

div_clk

 
Figure 3.11 

 
As long as clk_en is held high it will output a 

div_clk. clk_div is set to output a 40kHz clock. 

3.5.2. output_control 

 
Figure 3.12 

 
When start goes high the state moves from 

idle to count where it starts a counter running off of 
the 40kHz clock. After counting NPULSE’s clk_en 
is held low and done is asserted. See Appendix B 
for state diagram. 

3.6. reg 

The module reg is a register that loads data on 
load and resets the value to 0xfff on reset. 

 
Figure 3.13 

3.7. uart_tx_control 

uart_tx_control controls the data sent to the 
Remote Device Visualization software. It controls 
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the UART module and selects the data going to the 
UART module. 

uart_tx_control

clk

start

reset

rdy start_tx

select_node(1:0)

done

 
Figure 3.14 

 
Please see Appendix C for the source code 

found in uart_tx_control.vhd. The state machine 
starts in the idle state and on start waits until the 
module uart outputs rdy high to start the next 
transmission. Upon completion of the transmission, 
a counter is incremented which is output as the 
signal sel. The signal sel is the selection for the 
multiplexer in master_node. If the count is 3, then 
done is asserted. If not the transmitting loop is con-
tinued. 

3.8. uart 

The uart module provides a wrapper for the 
uart_tx module (UART transmission) as well as the 
clk_uart. It also sends groups of 24 bits to the 
uart_tx. The uart operates 56.7k baud. Please find 
the source code in Appendix C and the architec-
tural diagram in Appendix B. 

 
Figure 3.15 

3.8.1. uart_tx 
The uart_tx module provides the actual trans-

mission of 8 bits in the UART protocol. The 
UART has one stop bit. 

Figure 3.16 
 

The uart_tx module contains a shift out regis-
ter (shift_reg), a mux, and the uart_tx_control. The 
source files can be found in Appendix C. See Ap-
pendix B for the architectural diagram. 

uart_tx writes a start bit, shifts out eight bits 
and writes the stop bit. It then writes tx_complete 
high to signify it is done. 

4. Remote device 

The diver unit is controlled by an At-
Mega128(L) microcontroller. The microcontroller 
interfaces with the remote device hardware to listen 
for and send out pings.  

4.1. Code flow 

To check for a ping from the array the ADC 
must be read using the SPI on the microcontroller. 
This new value represents the voltage level of 40 
kHz signals in range of the remote device. This 
new value is integrated into the moving average of 
previous ADC values. It is then compared to the 
average. If the current value is not above the aver-
age, plus a noise margin, the program loops. If a 
ping has been received, a ping is sent out in re-
sponse. This is called an active ping. Before loop-
ing, the program waits 6.25 milliseconds. This is to 
make sure the next sample of the ADC does not 
result in a false positive. 



13 

 

Figure 4.1 

4.2. Active ping 

To generate the 40 kHz response ping the mi-
crocontroller’s Timer/Counter 0 is used. The 
Timer/Counter is set up to timeout at 20 kHz. 
When a timeout occurs, pin 4 on port B is flipped. 
The timeout is detected by polling. 

5. GUI 

The User will interface with the GUI (Graphi-
cal User Interface) program. This program displays 
the location of the array (at <0, 0, 0>) and the diver 
(at <x, y, z>). The array and diver are represented 
by different colored spheres. A two-dimensional 
grid is mapped out at z = 0 for user reference. 

5.1. User Interface 

The 3D environment is viewed though a cam-
era. The camera’s position and viewing angle is 
controlled by the mouse. Depending on witch but-
ton the user is holding down when the mouse 
moves, the camera will react differently. When the 
right button is held down, the camera has the abil-
ity to strafe left, right, up and down. If the left but-
ton is held down the camera changes its viewing 
angle with the motion of the mouse. When both the 
left and right buttons are held down the camera can 
move forwards and backwards. 

There are a few hot keys that allow the user to 
toggle some options. The “H” key toggles the con-

necting lines between the data points of previous 
remote device locations. The “J” key will toggle 
the data points on and off. To toggle full screen 
mode the “F1” key can be pressed. 

5.2. Program Flow 

To render the 3D environment OpenGL must 
be setup. This is done in a setup routine that sets 
the window size, color depth, etc. The program 
then enters into its main loop. If there is new data 
on the serial port the data is collected and sent to 
the triangulation function.  

Sometimes the data received is not good, a 
quick sanity check is run on the new data to se if it 
is viable. Simply put, the new vector is compared 
to the last vector, if they are within a set distance of 
each other the new vector is considered good. If 
this is the case the Linked List of previous vectors 
is updated with the new vector and accompanying 
time stamp. 

 
The drawing function is responsible for ren-

dering the Linked List and other information. To 
do this, the Linked List is traversed and each vector 
is drawn with the options set by the user (“H” and 
“J” keys). The last vector is always drawn with a 
sphere to indicate were the remote device is. In 
addition to the above, the draw function also ren-
ders a grid on the z = 0 plane and a sphere at <0, 0, 
0> to represent the array. 

Main 
Loop

New 
data? 
(serial)

Triangulate

Data 
good?

Yes

No

Setup 
OpenGL

Yes

Draw

No

Update 
Linked 

List

Figure 5.1 
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5.3. Linked List 

A Linked List data structure is used to keep 
track of the previous locations of the remote device 
as discussed above. At each node in the Linked 
List a Remote Device Node keeps track of the time 
the data point was recorded and the position the 
remote device was at. This data can be used to cal-
culate many different things and is useful for data 
output to a file. 

Remote Device  Node

position (Vector3D) nicetime (struct tm)

int tm_sec;
int tm_min;
int tm_hour;
int tm_mday; 
int tm_mon;
int tm_year;
int tm_wday;
int tm_yday;
int tm_isdst;

float x;
float y;
float z;

Linked List

Figure 5.2 

5.4. Triangulation 

The triangulation function takes a total of eight 
pieces of data to function. The first four are the 
vectors of each node relative to the zero point. 
These are static and can not be changed once the 
program is started. The last four pieces of data are 
the measurements of each node to the remote de-
vice. These change each time a new data point is 
requested. The triangulation program returns a vec-
tor that represents the current position of the re-
mote device. 
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Getting Started 

What comes with the Remote Tracking Device? 
Your remote tracking device comes with an array with four nodes (one master and three 
children) that are factory assembled, a remote device, two 36 V battery packs, and the 
Remote Device Visualization Software CD. 

Turning on for the first time 
Before turning on the Remote Device or the Array, secure the battery packs in the 
designated places and plug them in. Once the battery packs are plugged in, the Array and 
Remote Device may be plugged in to the wall adapter. Once the Array and Remote 
Device have power you may turn on the diver. Before starting the Array you must start 
the Remote Device Visualization Software. Once the software is running turn on the 
Array by pressing button 1. The Software should now be collecting data from the Array 
and displaying the position of the Remote Device. 
 

Remote Device Visualization Software 

Installation 
No installation in required for the Remote Device Visualization Software. If you wish to 
run the software from a location other than the CD please copy the executable to the 
desired location. 
 

Navigation 
To navigate in the 3D environment use the mouse. Depending on witch button the user is 
holding down when the mouse moves, the camera will react differently. When the right 
button is held down, the camera has the ability to strafe left, right, up and down. If the left 
button is held down the camera changes its viewing angle with the motion of the mouse. 
When both the left and right buttons are held down the camera can move forwards and 
backwards. 
 

Hot Keys 
There are a few hot keys that allow the user to toggle some options. The “H” key toggles 
the connecting lines between the data points of previous remote device locations. The “J” 
key will toggle the data points on and off. To toggle full screen mode the “F1” key can be 
pressed. To quit the program the escape key can be pressed. 
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Troubleshooting 
Problem Solution 

Make sure the 36 V battery pack is plugged 
in to the RD. 

The Remote Device (RD) does not send out 
a ping when it hears a ping from the Array. 

Replace batteries 
Make sure the 36 V battery pack is plugged 
in to the center node. 

The Array does not send out a ping. 

Replace batteries 
Other Check wire connections and reset the Array 

controller. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Warning: 
Static sensitive components included. Always discharge your static charge before 
touching the device. Static charge can be developed through shuffling feet on carpet. Be 
especially careful in cool, dry environments. 

Acti
ve

 LE
D

Reset
Start
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Abstract 

Hyperbolic Positioning is a tracking method employed when trying to position or 

track mobiles.  This can be accomplished many different ways depending on equipment 

and desired accuracy.  This paper will briefly investigate the different methods of 

tracking a mobile using Hyperbolic Positioning and apply them to the challenge of 

tracking a diver underwater. 

Introduction 

Recreational SCUBA diving is a market for many charter companies.  These 

companies take SCUBA divers out by boat to interesting dive locations.  The Dive 

Master on this outing is responsible for the general safety of these divers.  A good Dive 

Master knows the general location of every diver in the water and is tracking their 

movements.  The Dive Locator Project hopes to create a system that will track these 

divers and display their locations relative to the boat.  This will give the Dive Master a 

better solution on the divers and add a level of safety to the outing.  To implement this, 

Hyperbolic Positioning will be used. 

Hyperbolic Positioning uses at least three “listening nodes” to track a mobile.  These 

nodes “triangulate” a position based on information collected from the mobile.  This is 

illustrated in figure 1. 
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Figure 1 

Each ring represents the possible locations of the mobile relative to its respective 

node.  In two dimensional space it takes three nodes to acquire five solutions, one of 

which is common to all three nodes and the solution of the mobile’s position. 

Methods 

There are three major ways to implement Hyperbolic Positioning.  They are Radio 

Direction Finding (RDF), signal Angle of Arrival (AOA) and signal Time of Arrival 

(TOA).  Each has its own hardware requirements, but all require a least a transceiver on 

the mobile and receivers on each of the listening nodes. 

Radio Direction Finding uses signal strength for positioning and tends to be less 

accurate than TOA [4].  This is a fall out from the circuitry used to detect signal strength.  

Signal Strength is a log function of distance, so the position of the mobile can be 

calculated after the strength is converted into a distance [3]. 

Angle of Arrival uses either mechanical or electrical steering of a narrow receiver 

band that detects the signal from the mobile.  With at least three different nodes that 

employ this functionality, the mobile can be found by observing where the bands 
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intersect.  This method requires advanced circuitry or mechanics to drive the receiver 

band.  The solution of the mobile is not very accurate using AOA because of the 

widening effect of the receiver band over distance. 

Time of Arrival positioning uses the time it takes a signal to travel from the 

mobile to a node.  Each node reports the time.  And distances are then calculated from the 

speed of the signal and the time it took to travel from one point to the other.  From this 

information the position can be calculated using Hyperbolic Positioning.  The drawback 

of this method is that the time the signal was generated from the mobile needs to be 

known relative to each listening node.  This can be done by having synchronized clocks 

and encoding a timestamp into the signal. 

Making a Decision 

 Due to the extensive circuitry in RDF, this method will not be employed.  The 

same is true with AOA because of the added complexity of tracking a mobile in three 

dimensional space.  The difficulty arises because of the added degree of freedom that 

must now be searched. The simple circuitry required to implement the TOA method and 

the added accuracy lends itself best to the Diver Locator Project. 

Modifications 

 To further simplify the project, timestamps will not be encoded into the signal and 

synchronized clocks will not be used.  Instead a signal will be generated from the center 

node that the mobile listens for and then the mobile will return a different signal to the 

nodes.  A timestamp is recorded when the original signal is sent and another is recorded 

as each node hears back from the mobile.  Subtracting the initial timestamp from the 
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return timestamps from each node and then dividing each result by two will give the 

same end result as regular TOA Hyperbolic Positioning. 

 In order to account for the truly three dimensional realm of SCUBA diving, the 

Diver Locator Project will need to track a mobile in three dimensional space.  Figure 1 

gives an example of triangulation in two dimensional space.  To account for a third 

dimension an extra node needs to be added. 

 Even with the fourth node, two solutions are possible due to square roots in the 

equations [1].  The two solutions have the same X and Y coordinates, but have a sign 

difference in the Z (or depth) coordinate.  However, because the nodes will all be located 

on the surface of the water, one of the solutions can automatically be discounted. 

Conclusion 

The Dive Locator Project will employ a modified TOA method for Hyperbolic 

Triangulation.  Other models are too complex to implement, and will not return data that 

is accurate.  The regular TOA method is too complex so a modified solution has been 

purposed based off of the original TOA method.  This method removes the need for 

synchronized clocks and encoding data into a signal. 

On a final note, the mathematics worked out in a paper written for the New Jersey 

Center for Wireless and Telecommunication by Ralph Bucher [1] will be used to 

implement the actual Hyperbolic Triangulation.  The Dive Locator Project will use 

Bucher’s conclusion and implement a modified version in a C++ program.  This program 

will collect data via a connection to the listening nodes.  A solution to the diver’s location 

will be calculated from here and the result will be displayed to the user. 
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A Choice of Underwater Ultra-Sonic Transducers 
 

Abstract 

 This paper outlines the continuing decision making process in a choice of ultra-

sonic transducers for an underwater diver locating system that consists of a transmitting 

and receiving node that ping acoustic signals.  This covers the various types of sonic 

transducers, their properties, and their relevance towards this application. 

 

Introduction 

The basic principles of converting acoustic energy into electrical energy are 

simple; the component that performs such conversions is called a transducer.  The sound 

wave pushes on a material, changes its shape, and that shape change causes a current to 

flow or voltage to change.  In air, this is done with magnets and diaphragms, such as a 

microphone and speaker. In water, piezoelectrics or electrostrictive materials fare better 

due to improved impedance matching of the materials (Urick 1983).  This is due to the 

properties of a viscous material and an object with a changing geometry.  In piezoelectric 

(and electrostrictive) materials, the whole transducer emits or receives vibrations.  A 

traditional speaker uses a vibrating diaphragm.  If this diaphragm were to be used in 

water, the moving surface and changing volume of the speaker would cause cavitations of 

the surrounding water and interfere with the signal being transmitted (Cheeke 2002). 

 

Piezoelectric Materials 

The cavitation problem combined with the small size of piezoelectrics makes 

them especially useful for this project.  Piezoelectric materials acquire charge between 
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terminals when placed under pressure; conversely, they change volume when a voltage is 

placed across them.  This allows a single transducer to be used for both transmitting and 

receiving acoustic signals (Aliouane 2004).  Since our design will have receiver-only and 

transmitter-only circuits, this is not an influential design consideration.  However, in 

choosing a part that can act as both, it reduces the build of materials and makes the 

product cheaper and easier to build.  

 

Frequency Requirements 

 If size and power usages were not restricting design elements, sub-sonic 

frequencies would be the desired bandwidth.  Whenever a signal travels though a medium 

in which there are losses, for example, an electromagnetic wave propagating though a 

poor conductor, the signal is attenuated with a skin depth proportional to one over the 

square root of the frequency.  This argues for 

the lowest possible frequency because they will propagate farther.  However, the human 

ear can hear as low as 20Hz and some report they can “feel” lower frequencies (Mate 

2004).  A frequency that is perceivable to humans cannot be used because the device will 

be pinging multiple times a minutes and this could get very annoying to a diver.  

Additionally, since this device is designed for the open ocean so it cannot interfere with 

marine life.  Therefore, frequencies lower than 25kHz are excluded. 

 A reason to use higher frequencies would be for greater resolution of the target’s 

location.  The design only calls for a resolution of +/- 10m; therefore, higher frequencies 

are not required.  In addition, transducers for higher frequencies tend to be smaller.  

However, the amount of power required to propagate a higher frequency would require 
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more batteries to achieve the same battery life.  The selected transducer should also be 

able to operate at a range of frequencies so later expansions to the project can be realized.  

Therefore, a center frequency of 40kHz is optimal. 

 

Propagation and Losses 

 Losses of an acoustic signal through water are 

caused by two main factors.  The first is the spreading of 

the signal over a spherical area, and the second is the 

absorption of the sound by the water.  Spherical spreading 

occurs as the leading edge of the waveform is stretched 

over a larger area as the volume enclosed increases.  

However, if the source is near the surface, or within range 

of the bottom, a perfect sphere cannot be realized.  In this 

case cylindrical or hemispherical spreading occurs.  For these cases, the following 

Propagation Losses (PL) in decibels follows, where r is the radius of the sphere or 

cylinder in meters: 

• Spherical, rPLdB 10log20=  

• Cylindrical, rPLdB 10log10=  

In practice, r is taken to be the distance to the receiver.  If this distance is less than the 

distance to the ocean floor, and the emitter is at the surface, practitioners use the 

following hemispherical approximation: 

• Hemispherical, rPLdB 10log15=  

Figure 1.  Spreading Losses (Waite 
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This is an inexact approximation.  However, in practice it 

is highly accurate at distances less than one kilometer. 

 Propagation losses also occur as the water absorbs 

the signal.  This is caused by two mechanisms: viscosity 

and molecular relaxation.  The total loss of both 

mechanisms is given by the attenuation coefficient, α.  

Viscosity contributes to the attenuation coefficient in 

both salt water and fresh water and is proportional to the 

square of the frequency.  Molecular relaxation only 

occurs in ionic solutions such as seawater at 

frequencies less than 500kHz.  The contribution due 

to molecular relaxation changes with salinity, temperature, pressure and frequency.  

Figure 2 plots the attenuation coefficient versus frequency for a salinity of 35ppt at 10°C 

(Waite 2002). 

 In this application, the optimal range is one kilometer at 40kHz.  Additionally, the 

diver’s device will experience spherical spreading and the boat will experience 

hemispherical spreading.  To keep the estimation pessimistic and symmetric for both 

devices, the total loss of spreading and absorption at maximum range is: 

• dBrrPL
kmdB

dB 7.6861000log20
1000

log20 10
7.8

10 =+=+=
=α

α  

This finding states that for this application the receiver must be sensitive enough to 

discern the signal that is 
3000

1
≈ the magnitude of the transmitted signal.  Another source 

of loss is the efficiency of the transducer itself.  Most components have ~50% efficiency 

Figure 2.  Attenuation Coefficient (Waite 2002)
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in energy conversion.  This means that if identical transducers, spaced closely together 

with assumed no environmental loss, the output would be half the input, as shown in 

Figure 3. 

Conclusion 

 The specifications required are: 

• Piezoelectric construction 

• Center frequency, fo: 40 kHz 

• Frequency range: +/- 15kHz 

• Sensitivity: ~70dB at fo  

• Waterproof to depth of 300m 

Currently, I have yet to find the ideal transducer for this application.  This is due to 

the additional restriction of cost, and the reluctance of transducer manufacturers to 

deal with a college student.  Both ITC-Transducers and RJE Ltd. manufacture devices 

that – according the datasheet – satisfy the requirements of the project.  However, 

both companies have not responded to repeated emails and calls to their sales 

department.  Other companies such as Panasonic and Kobetone Audio Company 

make transducers that meet all requirements except the waterproof criterion.  A 

comprise may have to be made to use the cheaper transducers and design our own 

enclosure and low-loss interface. 

Figure 3.  Transducer Efficiency
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Project Overview 

 Our team is attempting to build a sonic-based SCUBA diver tracking device.  The 

system depends critically on the timing of a ping signal propagating through water.  We 

are using ultra-sonic sounds at frequencies of 40 kHz  to 50 kHz.  The system operates by 

sending a sonic ping to the diver, whereupon a device worn by the diver sends a return  

“ping” at a different frequency back to an array of receivers.  The amount of time that has 

elapsed between the sending of the first ping, and the arrival of the return ping is 

recorded from four different and known locations.  These arrival times translate into four 

distance measurements relative to the four locations.  The three-dimensional coordinates 

of the diver are then determined by triangulating the four distances measurements. 

 

Goals 

 In order to accurately time each return ping, we must have a system that can 

detect a ping signal within a predetermined number of signal cycles.  Sound travels 

through water at approximately 1500 m/s.(Elert)  Given this velocity, a signal will 

propagate approximately 3.7cm through water within one cycle of a 40 kHz signal.   To 

achieve enough accuracy, we would like our system to be able to consistently detect a 

signal within 10 cycles, of the signal arrival, plus or minus 1 cycle.   
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Design 

 Our system will use a combination of an amplifier, band-pass filter, a peak 

detector and a logic unit for detecting sonic pings.  (See Fig. 1) 

 

The logic unit will signal a logic “1” when it has been determined that 10 peaks 

have been detected.  Knowing that roughly ten signal cycles have passed by the time the 

logic unit confirms a ping arrival, we can calculate the precise time that the ping signal 

first arrived.  This calculation will be included in the software system that drives our 

triangulation process. 

 

Design Details – Peak Detector 

 The output of our peak detector circuit will be a series of square-wave pulses 

oscillating at the same frequency as the dominant incoming frequency.(Frequency 

Counting Circuit)   Our band-pass filter will need to be sufficient enough to filter out any 

frequencies  that aren’t part of the dominant signal.  As it is still early in the design 

Fig. 1 
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process, we are still unsure as to what type of circuit we will use in our peak detector.  

We have researched many designs, most of which use a capacitor to hold a charge.  The 

capacitor is charged to the maximum voltage of the incoming signal.(Sedra et al.)   If the 

capacitor is above some threshold voltage by the time the signal crosses its midpoint, we 

consider a peak to have occurred, and discharge the capacitor.  Op-amp comparators will 

most likely be used to detect threshold voltages, and to provide a nice clean square wave 

output.   

 

Design Details – Logic Unit 

 If our peak detection module is sufficiently operational, the logic for detecting a 

ping should be fairly strait-forward.  The square-wave signal from the peak detector will 

simply be fed to a positive edge triggered counter.  Once the counter reaches 1010, a logic 

1 will be output by the logic unit.  The logic unit will be held in this state until a reset 

signal is returned by some higher level control logic device.   

 

Possible Issues 

 Given that ping signals will come from varying distances, their amplitudes will 

vary inversely.  Our peak detection circuit must be able to handle these varying 

amplitudes. This problem will be handled using an automatic gain control (AGC) circuit 

to bring the signal amplitude to a constant level.   (See Fig. 2) 
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 Our AGC circuit will need to be fast enough to modulate the incoming signal to 

its constant level within one cycle.  Any lag in the gain control will possibly result in lost 

counted cycles, thus a delayed signal detection, and a distance measurement that is too 

large.    

 

Conclusion 

 Normally, systems that communicate through analog waveforms are less 

concerned with the timing of signal propagation, and more concerned with encoding 

information within a carrier signal.(Haykin et al.)   Since our system relies heavily on 

timing, we are presented with an unusual challenge.  Many parameters of our design have 

yet to be decided.  The length of our ping signal, for example, still must be clearly 

specified.  Until we experiment with physical sonic transducers, we are merely 

speculating about the shape, noise ratio, and amplitudes of our ping signals after they 

have been generated, transmitted through water, and received by another transducer. 

 

Fig. 2 
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AGC 
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In designing a system one has numerous options for implementing the controlling 

computations.    Typically, the designer will either use general purpose computing or 

custom computing architectures.  General computing can be thought as software running 

on a processor, such as a DSP, microcontroller, or microprocessor [1], while custom 

computing can be thought of as hardware implemented as ASIC’s, custom VLSI, or gate-

arrays[1].  A third platform, which combines elements from both categories, called 

configurable computing is often implemented with Field Programmable Gate Arrays 

(FPGA’s).  For our purposes we will categorize this as a specific subset of custom 

computing.  The goal of this paper is to compare and contrast the features of the 

aforementioned types of computing with the purpose of selecting the best solution for 

controlling the Underwater Diver Locator. 

 
General Computing 

Using a general computing solution, such as microcontrollers, to control the Underwater 

Diver Locator will work, however it may not the best solution.  General computing 

architectures have the distinct advantage of being multipurpose oriented.  They are 

controlled through stored software instructions[1] which tell the processor what to do; out 

of this comes that these are extremely flexible and can perform virtually any type of task.  

Largely due to their flexibility they are inherently inefficient[1].  These inefficiencies are 

because in order to accomplish a wide variety of tasks those tasks must be broken down 

into simpler, general tasks which do not fit more complex tasks well.  As a consequence 

of the generality of the architecture these processors tend to require more transistors and 

therefore be larger and consume more power than custom logic. 
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Another result of their generality is that microprocessors and microcontrollers solve 

problems in time rather than in space[1].  This temporal problem solving allows them to 

do complex computations as combinations of basic computations and results in these 

basic units of functionality being used regularly time after time.  Take for example the 

expression y = A+B+C+D, to compute it with a typical microcontroller we can only add 

two numbers together at a time, so we must first add A and B, then to that sum we can 

add C, and then to that sum we can add D.  This results in a slower execution of that 

expression and of tasks in general.  Notice how we were unable to execute C+D 

concurrently with A+B and then add the two sums.  This lack of parallelism and 

concurrency is common to all but the most expensive and specialized microprocessors[2].  

In order to multitask on a microcontroller specialized compiler techniques are required.  

Due to some of the requirements of the Underwater Diver Locator, this lack of 

parallelism poses a significant challenge to using a microcontroller for control. 

 
Despite these minor disadvantages, which do not affect most applications, and because of 

their excellent general purpose abilities microcontrollers and processors are widely used 

and some 8 billion were sold in 2001[2].  Such an immense popularity means that a great 

variety of microcontrollers can be found on the market today.  Their capabilities range 

from performance of hundreds of KIPS (thousands of instructions per second) to 

thousands of MIPS (millions of instructions per second)[2].  One can easily find a 

suitable microcontroller for most applications with any desired feature set.  In part due to 

their wide spread popularity, microcontrollers are cheap.  This is a significant advantage 

over custom computing solutions and helps explain their popularity in low-cost 
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applications.  In addition to their low unit cost, development costs and development times 

for software running on microcontrollers is significantly less than for custom computing. 

 

Custom Computing 

Custom computing provides another potential solution for controlling the Underwater 

Diver Locator.  At first glance a microcontroller provides a much more realistic solution 

than a custom design, however looking at using an FPGA to exploit custom computing 

advantages suggests that it is possible to use do some degree of custom computing for the 

Underwater Diver Locator.  We will examine using an FPGA later in the paper. 

 
Just as general computing’s advantages came from that it was general and could be 

applied as to many situations, custom computing’s advantages lie in the fact that it is 

custom designed for a particular application.  This specialization becomes a distinct 

advantage, but also creates certain disadvantages.  Because the solution is designed for a 

particular situation, it is very efficient.  This efficiency comes from the fact that it is 

customized to the problem and does not need any extra circuitry for interpreting 

instructions or for solving general problems[1]; improving speed, reducing die space, and 

reducing power consumption. 

 
Custom computing solutions can be thought of as hardware, whereas general computing 

solutions can be thought of as software running on a general processor[1].  Looking at a 

hardware design we see that it benefits greatly from the fact that it tends to solve its 

problem spatially rather than temporally[1].  This is because it does not need rely on a 

general format solution of simple steps to solve the complex problem.  Looking again at 
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the expression y = A+B+C+D, a custom computer might solve this a number of different 

ways, either a specific four term adder might be designed or a hierarchal approach might 

be taken where A and B are summed and C and D are summed simultaneously and then 

the two sums added together.  In either solution the math is done by spatially rather than a 

number of small steps completed in increments of time.  This makes a custom solution 

much faster.  Notice than in the second solution we were able compute two sums in 

parallel.  This parallelism is what helps improve the performance of a custom solution 

and is important for certain situations for the Underwater Diver Locator. 

 
From custom computing’s high degree problem specialization comes several major 

disadvantages.  By its definition, a custom computer cannot fill many roles, this is a 

notable problem when you consider that these are traditionally implemented as an 

ASIC’s[3] and costs for designing an IC mask set range around $500,000[2] and design 

times can be long.  This limits traditional custom computing solutions to high volume 

products. 

 

Configurable Custom Computing 

An alternative to custom computing implemented with ASIC’s has emerged.  Using 

reprogrammable fabrics, such as FPGA’s or CPLD’s, designers can implement custom 

computing solutions at lower costs.  These reprogrammable logic devices allow for 

specialized designs benefiting from parallelization and improved speed[1] without 

extreme prices, while also gaining limited flexibility[3].  However, these devices still 

retain a high unit cost.  The logic running on the FPGA’s can be designed with hardware 

languages (HL) such as VHDL or Verilog, greatly speeding design times.  FPGA’s are 
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limited by their gate count, speed of operation, and uncertainties in gate propagation, but 

FPGA’s follow Moore’s law and are continually improving. 

 

Controlling the Underwater Diver Locator 

The Underwater diver locator could be controlled by either a general computing solution 

such as a microcontroller or a configurable custom computing design.  The high cost and 

increased complexity of an ASIC eliminates using an ASIC custom computer.  For the 

Underwater Diver Locator a microcontroller provides a general solution that is flexible, 

quicker to design, and cost effective, while an FPGA provides a custom solution that is 

fast, specialized, and highly parallelized, while remaining within reasonable costs. 

 
A microcontroller would fail to handle the situation where up to three signals arrive 

simultaneously or nearly simultaneously from the sensor array.  This would eliminate a 

region of space where we could track a diver.  For this reason a single microcontroller is 

unreasonable.  An alternative is to use multiple microcontrollers to give the control 

system parallel processing capabilities.  Unfortunately, this greatly complicates the board 

layout and hardware design and eliminates much of the cost savings associated with 

using a microcontroller. 

 
An alternative is to use an FPGA to implement a custom control design.  This would 

enable us to properly handle the simultaneous signal situation and to efficiently handle 

the counter.   By using an FPGA we would retain some flexibility in our design.  An 

FPGA solution would still be more expensive than a single microcontroller and would 
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lack a built in way to send data to user.  It would not be unreasonable to design an UART 

controller on the FPGA. 

 

 

By comparing different methods of computing we can see that each have situations where 

they excel.  General computing provides a flexible solution that quicker to design and 

cost effective.  Custom computing provides an efficient, powerful unique solution, but if 

using ASIC technology at a much higher cost.  Looking at these designs it appears that 

the Underwater Diver Locator will benefit the most from using a configurable custom 

computing solution. 
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APPENDIX B 
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PCB LAYOUT 
 

 
 

I completed this layout using Eagle. The top circuit is the central array element and the 
remote device. The bottom circuit is a perimeter array element. This circuit shown is the 
version two. The version that we sent to fabrication had a short from the 25kΩ resistor 
below C1 to ground that was not intended. 
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PCB PHOTOS 

 
Shown above are the completed circuits. On the right is one of the perimeter array 
elements. The other two perimeter elements are identical. On the left is the center array 
element. This configuration varies from the remote device only in the communication 
port in the center of the PCB. The remote devices port is mounted on the opposite side to 
connect to an AVR board, the platform board used in many EESC classes at OSU. 

Center Perimeter 
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TRANSIENT RESPONSES 

Shown above are transient responses of the central array element acting as a range finder. 
In this configuration, the element is acting alone using passive sonar. The distances listed 
are the one-way distances from the transducer to a wooden block. Note the amplitudde 
change in the received signal (CH2), noted on the right, as the distance increases. After 
we tuned the capacitor and digiatl filter, we were able to detect 1mV increases in the 
received signal, this corresponded to a one-wat distance of 1m. 
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