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ABSTRACT

In order to improve SCUBA diver safety this report will present the means for constructing
a cheap and robust underwater tracking system that will monitor the distance between twc
SCUBA divers.The electronics is built around a microcontroller that catesldne time it

takes for a signdb travel forth and back beegn the two SCUBA diver units. Froimg

time, a distancés calculated, whiclhenis compared with a preconfigured alarm distance.

If the alarm distance is exceeded, then the unit will poti€ SCUBA diver of the

imminent danger. To achieve this functionality we have to clarify the problems associated
with underwater wireless communication, in extremely shallow waters. The main issue is
that communication through an underwater communicati@amnel is restricted to

ultrasonic signaling due to the high grade of absorption, when talking about
electromagnetic signals. Another obstacle is the rich multipath environment that the
environment presents. To overcome this we make use-off deying (OOK) together

with guard slots to transmit the pulse code modulated (PCM) data signals by the use of
narrowband ultrgonic transducers.
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1 INTRODUCTION

1.1 Background

We, the authors, are both recreational divers. As a recreational diver, you are always divin
together with another diver, in a pald[This is for safety reasons, for instance if you run

out of air, so that you can get some air from your dive buddy instead, while you start
DVFHQGLQJ WR WKH VXUIDFH %XW ZKDW KDSSHQV LI
nowhere to be found? Yicand your dive buddy always have to stay in reaching distance of
each other so you can get immediate help from each other if something happens [1]. This
not always that easy, and inexperienced divers tend to lose sight of each other to often. If
you lose sight of your dive buddy while diving, you got one minute to find him/her before
you will have to start the ascent to the surface to check for your dive buddy [1]. If nothing
bad has happened you will probably find your dive buddy at the surface,usutiye is

forfeited for this time, and you will have to plan a new one if you are going to dive more
[1]. Both the ascent and that you have to wait and plan a new dive can take much time, an
also be a waste of money if you are on a vacation and ouawlitre boat. What if you

could have prevented losing sight of each other in the first place? This is what we are
going to find a solution to in the following parts of this work.

1.2 Task

To prevent the problem with losing sight of each other, we are goingtimdevelop a

cheap electronic system that Miklpto prevent the divers from getting separated from

each other. We face two main problems with this. One of them is being able to measure th
distance between the two divers, and alert them if they start to get too far away from each
other, so that they wihotice this before getting out of sight of each other. The other
problem is to make the system capable of communicating in the, for signals, hostile
environment of water, so that both divers are alerted if they are about to swim away from
each other. Imddition, the system has to allow several units texdst in the vicinity

without unnecessary crosstalk between the units.

1.3 Delimitations

The project will mainly focus on the development of the technical solution. It will contain
information on suggestdthrdware solutions, software flow charts and other system
related specifications. The information will be collected and distilled mainly by studying
related articles and literature. We will not be presenting any prototypes due to the short
development pévd of the product, but as mentioned, we will provide a good starting point
for further development.

14 Aim

The aim of the project is to present a viable solution that will assist scuba divers during
recreational dives in keeping track of thewalbuddies. The system is built around a
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technique using ultrasonic sound waves that will open up for marine wireless
communication between two units. All prompted solutions will be evaluated and chosen
according to their implementation cost, and theilitgtib complete the given task. This in
the purpose of keeping the product simple and cheap, but yet robust.

1.4.1 Desired system function

The final product will be encapsulated in waterproof aluminum casing. Its user interface
will feature an on/off buttorselectors for alarm distancehannel settingand a

master/slave switclThe electronics are built around a microcontroller that calculates the
time it takes for a package to travel forth and back between the transmitter and receiver.
This time is then copared with the preconfigured alarm distance. If the alarm distance is
exceeded, then the unit will notify the diver by activating an acoustic signal in combination
with a flashing light.

1.5 Outline

The report is organized so that, it at first will presembieercially available

communication and tracking systems, which are related to diver safety. It will then give an
understanding of the problems related to maritime communication and the properties of
underwater acoustics. After this, the different techrbt@tk sets like modulation

techniques and ultrasonic transducers are discussed. And from all this we will distil and
present our suggestion for a working safety system. The hardware is presented by block
sets explaining the functionality and purpose ahegart of the system. The software is
presented by flowcharts and clarifying texts. After presenting the results of the project we
will discuss further enhancements to the system that are outside the scope of this project.
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2 METHOD

2.1 Overview

In this sectiorwe present how we have worked with the project and how we have obtained
the information that lead to our results, that will be shown later on in this report.

2.2 Techniques to transmit data in an underwater environment

When we first began this work, we gatigfrom our tutor that white noise signals together
with GCC (general cross correlation) could be used for distance measurements. We
therefore started with researching these methods. During the research of this (and all othe
things we researched) whitbok several weeks, we read books, that we lend at the
university library, and several pages on the internet to get a proper understanding of how
they work and if we could utilize them for our needs. At this time we also looked at the
NLMS (Normalized LeasMean Square) method.

Besides the signal to send, we searched for information about sending ultrasonic signals
and other types of signals in water and compared them to each other. Then we did some
research about different types of ultrasonic transducetsheeir specific properties, and
made some calculations about sound propagation in water as well as oscillation times for
the transducers.

After we had gotten a better understanding of the white noise and GCC methods, we
continued by searching for, ancading, articles, books and web pages about the digital
modulation techniques PCM and PPM. We also read about different digital keying
methods such as FSK and OOK.

In addition, we looked for ways to synchronize the signal at the receiver and which data
thatshould be in the signal, and calculated the times for pulses and guard slots.

2.3 Choice of microcontroller unit

In our aim with this work, we want to use a MCU (Microcontroller Unit) to measure
distances under water. We therefore did some research @bt HUHQW 0&8fV L(
particular Texas Instruments DSP and Microchip dsPIC processors. Besides different
SURSHUWLHYV DQG KRZ DGYDQFHG GLIIHUHQW 0&89YV D
buy them and how to program them. After that, we made contdttweihufacturers and
suppliers to see if they were willing to gives us free MCU samples and programming
equipment. We ordered some free samples of dsPIC processors from Microchip and aske:
our university if they could contribute with a programmer.

24 Developme nt of hardware solutions

When developing the hardware solutions, we studied articles made on related work in
combination with internet studies of existing technology. Then we zoomed in on the
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different block sets of the presented choices. This in ordestter understand their
functionality, and thereby draw new conclusions upon viable hardware solutions. The pros
and cons of the presented choices were also evaluated. When we evaluated the transmitt:
board we also made calculations upon the needed sigaagth of the transmitter. A PCB
was also constructed for the programming of the chosen microcontroller. Furthermore, we
looked at some possible solutions for the user interface. This section was written so that it
would satisfy the aim of this projedt last, we looked at possible solutions on power
supplies by surfing the internet, and also some encapsulation techniques that we distilled
from looking at existing electronics that are aimed for underwater use.

25 Software development

When mat of the hardware solutions development were finished, we started the
development of the software solution. We divided this process in two steps and accounted
for our hardware solutions to make it work as good as possible. The first step was to write
downwhat we wanted the system to do, in pseudo code. In the second step, we created
flow charts from the code. We then modified these charts quite a lot and divided them in
different levels to avoid getting too complex charts. The development of this sabdlon
considerable time as we had to rearrange a lot to make it function as intended.
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3 UNDERWATER ACOUSTICS AND COMMUNICATION

This chapter will provide necessary information related to underwater communication.
First of all we will look at existing produsthat are available on the market, and aids in
diver safety. After this, we perform a brief presentation of related work that has been made
in the area of underwater communication. Furthermore, the physics of underwater
communication together with commuation techniques are treated in the aim of

clarifying the difficulties and opportunities that apply.

3.1 Existing technology

Commercially few products on the market target recreational divers when it comes to
systems that aid in getting separated divddies back together in the water. Most of the
available systems are either some form of active sonar based systems or systems utilizing
pinger and a scanner. Figurel we see a system constructed by Desert Stste8)s, the
3'LYH 7UDFNH U codsB8 Of two units, a receiver and a transmitter unit. The
transmitter is a pinger unit that continuously sends out ultrasonic pulses that areupicked
by the receiver. The receiver has a directional transducer that allows the user to locate the
direction of the pinger by sweeping it around, searching for the highest signal amplitude.
This signal amplitude also gives an estimate on the distancetranisenitter. §]

Figure 1: Desert Stars Dive Tracker SCOUT systeni6]

As mentioned, there are also some active sonar systems available on the market. For
instance RJEnternational provides the market with their DILSDiver Locator Sonar, W  V
a hand held active sonar and pinger locator. It works the way that you point it in a
direction, pull the trigger and an acoustic pulse is then sent in that direction. The time it
takes for the signal to bounce back indicates tsiudce to the nearest object. Unlike the
pinger and scanner system, here you will not get a confirmation on that the found object
actually is your dive buddy, but in return you can use it for other tasks, like for instance
depth and distance measuremejwk.

Both the abovanentioned systems aid in getting two separated divers together again in the
water. However, they assist in solving the occurred problem, not to prevent it. To do this
we need a system that monitors the distance between the two diviederts them in

case they are on the way of getting separated. For this we need some sort of
communication between the two divers that monitors the distance. If we look at the
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available products on the market that make use ofewp communication werid

underwater wireless voice communicators and acoustic modems. However, these product
are not used for the purpose of diver safety, at least not in the same sense as what is aime
for in this project. Almost all these products make use of acoustic coitation with
XOWUDVRQLF WUDQVGXFHUV D Q@Q&F RKWHNUW PROHPS\VWH
se figure 2 §].

Figure 2: Desert Star Systems SAML acoustic modem[6]

The SAM1 is an acoustic modem that is used&m$mit sensor data, messages, status and
control information underwater. Data is transmitted in serial with a speed of between 5 to
150 bit/s which often is sufficient when sending this types of data. The data is modulated
with Pulse Position Modulatiomd to overcome the multipath effects of underwater
acoustic transmission the system utilizeshdénnel frequency hopping in the interval 33.8
kHz to 42 kHz. The transmission power is between 183dB and 189dB depending on suppl
voltage. This gives the systea transmission range of up to 1000m, under good sea
conditions. §]

A system that actually measures the distance between two units in the water is the
$(DV\WUDN’"~ SURYLGHG E\ $SSOLHG $FRXVWLFV ILJIJXU}
positioning and &cking system that transmits and receives acoustic signals to subsea
targets such as diver beacons. From which raoegring and deptihnformation can be
determined. §]
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Diverwith Beacon

Figure 3: Applied Acoustics Easytrak System|[8]

It is the technique of using an Ultra Short Base Line (USBL) system for the transceiver tha
gives the system the ability to determine the bearing of the incoming acoustic signals. The
USBL transceiver head contains three or more transducers separated &ina,basd by
measuring the phase difference, we can calculate the bearing of the subsef]tdiget [
system has specifically been designed to track underwater targets that operate out of sigh
So the system only gives information to the on boardaltiibugh two way signaling is
XVHG 7KH GLYHU LV 2EOLQG"™ EXW RI FRXUVH WKLV F
communication devices that can give feedback to the diver. However, this unit is packed
with features that aid in accurate tracking of thessaltarget, but none othich we will

look further upori8]. Instead, we will take a look on related work that has been done in
the area of underwater communication, and especially in the field of biotelemetry and also
the above mentioned acoustic modems.

3.2 Related work

In this section, we will look further upon related work that has contributed and aided in the
development process of our Buddy Tracker system. We will look at telemetry systems and
acoustic modems. Telemetry systems are systems that an® tisetsmit measurements

from a remote unit, not necessarily a wireless transmission but in our case thatdk true [
[2]. Biotelemetry is a specific type of telemetry systems that are used to send medical date
such as vital signs from diverg][ This type of systems often make use of one way
communication so they are not directly applicable on our system but on the other hand the
are often constructed to meet stringent size, weight, cost and power constraints that we ce
take advantage ol{]. The knowedge about twavay underwater communication comes
IURP WKH DFRXVWLF PRGHPV-YRGKRV ZKKHFK: kD VOERH E
by Woods Hole Oceanographic fitgte in Woods Hole, USA,ral of course, the on
marketSAM-1 acoustic modementioned earlier in this report.

3.2.1 An Ultrasonic Communication System for Biotelemetry in Extremely
Shallow Water

At North Carolina State University a group at the department of electrical and computer
engineering has developed an ultrasonic communication system for biotelemetry in
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extremely shallow water. The system is aimed to be used in the study of migratiomspatte
of aquatic life. For this reason the system has to be small, power efficient, low weight and
low cost, due to it is meant to be a disposable system. This aim for miniaturization is in
line with our work and we will later on pick out details from thveark and evaluate if

they could be implemented into our system. But first we will provide an overview of their
work. [10]

The group has developed a telemetry system that consists of a transmitter board that may
be placed on an aquatic animal and a top sdeiver board. Microcontrollers control both
boards. The receiver board is constructed with less restrictive constrains when it comes tc
power consumption and size because of its top side placement. The system utilizes one
way communication of telemgtdata. Therefore the transmission protocol of the system is
a model without hanghaking. This in combination with the challenges of underwater
transmission raises the need for error correction coding (ECC). They tested two types of
error correction. OnB-bit ECC, which could detect a ofhét error, and another, more
complex algorithm, called convolution¥literbi scheme. At a range of 30 meters between
the receiver and transmitter and at a baud rate of 42 symbols per second a transmission
without error orrection would be successful up to about 96%, accordifggtoe4. An
introduction of the Hit ECC would only increase the performance slightly while the use

of Viterbi would result in a more or less error freeniaission As we can seehigure4,

if we set up a baud rate greater than 50 then we would get a dramatic decrees in the
number of successful transmissiofig)]

100.0%
95.0% ¥—\
90.0% \
85.0% \\\\
80.0%
75.0% \\\\_’_4
70.0% N

65.0% t t t t

31 36 42 50 63 83
Baud Rate

|—No ECC — With ECC — With Viterbi|

Percent Error Free

Figure 4: Percent of Error Free Packets at 30 meterq10]

The transmission itself is established by using a ceramic transducer, powered by a
transformer in combination with power MOSFET transistors to boost the voltage to 52.8V.
All this produces a natural LC oscillator whicleduency can be altered by adding
capacitors in parallel with the transducerfFggure5. To transmit the information through

the underwater channel they utilized a type of frequency shift keying, or the abbreviation
FSK [10]. You can read more about FSK later on in this report but in short, FSK is a
technique to transmit the information through a discrete number of frequencies that each
represents a predetermined bit, symbol or sequence. In this case, they maKewrse of
discrete frequencie9].



Karlstad University 300 X G G\ 7 Udd Ediyvarning 9(57)

Electronic Engineering system for recreational divers
20100812
vce
1 Tl

' T . .
§ | |
__§ i J‘ Ctrans J‘ Cc2 ——C3
T T

o ol

MCU Freql MCU Freq2
= L L L

FT
o/
=

MCU PWM

Figure 5: Schematic of a fourfrequency transducer driver.

The receiver board is constructed so that the computational complexity of the
microcontroller will be as low as possible. Therefore thaye chosen a hardware solution
when it comes to the process of reshaping the distorted signals. They have one pulse
shaping unit for each of the four frequencies. These four signals are then feed te the AD
converter. And after that the four {sitreams a combined into one, and sequenced
according to the package lengths. Also some error correction is applied as mentioned
earlier. The drawback when adding external hardware is the rise in power consumption.
However, this can be justifiable if it leads tanare robust system1(]

The data irFigure4 was collected from dives in a shallow lake, with a depth less than 5
meters and with no motorized actvih the vicinity. Also the weather conditions were
moderate. So the test data is collected under quite good conditions. Conditions that you
might not have under normal operating conditions. The practical baud rate might therefore
decrease quite a bit fthie noncorrected signals. For our work even a 50% reduction of

the baud rate would still be sufficient to carry out the signaling tasks between the two
units. Their packages are-B& long and with a baud rate of 42 it would take 768ms to
transmit the pekage. That gives us 24ms for each Hi@] [

They also tested the system at a distance of 100m. However, for this experiment they
boosted the transducer voltage to 87V and lowered the baud rate to 31. This resulted in th
the receiver managed correctly decode 67% of the data without the use of error
correction. When switching on the Viterbi the percentage raised to 94ps. [

The two microcontrollers used in this project wefgitBAVR:s from Atmel named
Atmegal68, and Atmega324. Rungiat BMHz respectively 20MHZA()]. Both of which
accepted quite large supply voltage variations. For instance the Atmegal68 accepting
between 2,7V and 5,5V as supply volta@i&] | The faster microcontroller operated the
receiver unit

3.2.2 Microcontroller-Based Underwater Acoustic ECG Telemetry System

7KH 3PLFURFARDMWGRDORXMNWLF (&* WHOHPHWU\ V\VWHP
monitoring cardiovascular activity during SCUBNving and swimming activities.

Swimming pools and extremely shallow waters pi@da great amount of multipath

signals that distort the transmitted signals. To overcome this problem the authors of this
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article have chosen bumstode oroff keying (OOK) with guard slots as transmission
schema. This method works for systems with lowrig, and if the guard slots are chosen
correctly then the system will be more or less immune to multipath propagations of the
underwater channel. The electrocardiogram (ECG) that is to be transmitted by the system
is encoded with either of two data encapschemas, pulse code modulation (PCM) or

pulse positioning modulation (PPM). They also conduct a comparative performance
analysis of the two encoding methods. In this comparison, it is shown that the PPM can
provide ECG signals at higher bit rates ttizen PCM method. Another important fact in

this article is the posted time durations for the guard slots. They were chosen between 15
and 20ms. This time was long enough, so that the multipath would have time to decay in
the large indoor testing tank, medsg 9x5 meters with a depth of 2 meters. The transfer
rate of the system was 50bit/s when transmitting PCM signals in combination with 20ms
guard slots.12]

The microcontroller used in this design was &nit8ntel 87C51 processor operation at
24MHz [2]. It had 4kbyte on board memory and 1p§te RAM [13].

3.2.3 WHOI Micro-Modem: An Acoustic Communications and Navigation
System for Multiple Platforms

37KH :+2, PRrddenkis a compact, lepower, underwater, acoustic communication
DQG QDYLJDWUYRTDe gystEW I8 Rimesl to assist autonomous underwater
vehicles (AUV) in multivehicle operations in shallow water. The general networking
capability and the ability of the system to work with other systems such as REMUS
navigation makes the system versatlt communicates by utilizing four different

techniques for transmission. However, we are only interested in-tedled frequency

hopping frequencghift keying (FHFSK) transmission technique. FSK is a robust
underwater communication technique ancewicombined with FH it gains better

resistance against multipath propagations that exist in shallow water environments. Defau
data rate of the system is rated at 80bps. Three modules, main board, power amplifier anc
floating-point coprocessor outline tilsgstem. You can see the main board and the
underlying power amplifier ifrigure6. The coprocessor is only an expansion card

designed to support tieain board when using computational complex phase shift keying
(PSK). [L4]
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Figure 6: The WHOI Micro -modem basic board set: power amplifier and main board attached14]

The main board is built around a-b& digital signal procgsor (DSP) from Texas

Instrument. This to cope with the high level of complexity in the chosen modulation
techniques. The DSP provides up to 160 million instructions per second (MIPS). External
12-bit AD/DA-converters provide analog inputs and outputfi¢éoprocessor. These are
sampled at 80 kHz. Information is transmitted in serial within 3 to 30 kHz. Between the
transmissions, the system has the ability to enter hibernation mode to save pdwer. [

The power amplifier block is outfitted with a ClaBspower amplifier to drive the ceramic
transducer. The cladd amplifier was chosen because of its efficiency characteristics and
the ease of matching it with different transducers. However, the output power is fixed. The
amplifier also includes a transmittex¢eiver switching network that allows the use of just
one transducer for transmitting and receiving. A pewarditioning unit that provides

power to the micro modem is also situated on this boadyl. [

The software of the WHOI Micranodem is exterige to make it compatible and easily
reconfigured to fit the intended purpose. Standard frame sizelig. 32owever, the ability

of sending21ELW :@DENDJIHV  IRU YDULRXV V\VWHIHE. F$QFWL
LQVWDQFH 33&\FOI MWVUDOYYXPMYVHRWKY XLQN EHWZHHQ
that is used for distance measurements works as follows:

37KH PRGHP VHQ G¥cKet 16 the dpdeifigd hode, which responds after a fixed
turn-around time. The originating node subtracts timn-around time and reports the
oneway travel time to the useif{ @

With their method they claim to get an accuracy within 125us which is less than 0,2m in
the water 14].

3.3 Underwater acoustics

Underwater acoustics presents many obstacles that wediake in consideration when
developing an ultrasonic communication device. Multipath propagation is a big issue wher
it comes to shallow water communicatigiso the signal attenuation due to the chosen
frequency needs to be considered. However, wheonies to signattenuation, it is the
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geometricabpreading that stands for the most of the signal attenud@tienDoppler Effect
together with the speed of sound in water presents even more parameters to consider. He
follows a presentation of the lganisms that apply to acoustic signaling in wdtr.

3.3.1 Signal attenuation

When sending signals through different kinds of mediums, you have to take into account
the effect of signahttenuationTo send signals through wategveraktypes of signals

could work The first type that comes to mind is electromagnetic signals, which

usually usevhenyou send signals in the air. Unfortunately, electromagnetic waneesot
suitable fortransmissions in watdrecause its attenuation in water igah higherfan in
airf15]. If youwere to use electromagnetic waveR X ZR X O G usévéry Iow R ~
frequencies (10 to 30 kHz) where attenuation is in the order of 3.5 to 5 aiefest] 15]
which would require very large antenrja$]. There arealso two other types of signals
that you can usevhich areoptical and ultrasonic (sound at frequencies higher than the
human ear can distinguishiyysals. Optical signalarefor obvious reasonsftennot an
alternative due to the very low visibility sbme waters because of particles that would
absorb the lightvithin a fewmeters Ultrasonic signals howevettp not get affectd that

hard by the particleand the density of the watemd propagates much better in the
medium than the two other signgpes mentioned 2]. If you, for instancewould be
sending an ultrasonic signal at 20kHz in average sea water and the temperature of the
water is 1@, the attenuation would only be between2,&dB/km (depending on which
formula you usg)16]. That meanthat if youwere to send an ultrasonic signal at 20kHz in
10mWwhiFK LV WKH OR QJHgog t6 mdavuiRiaesignal wduld Have onbe
attenuated by 0,028,034dB (at a depth of 20m and with a sigra@hg in a straight
direction), [L6]. With ahigherfrequency of 40kHz, the attenuation would be about 0,087
0,12dB in 10meter$l6].

7KH VR FDOOHG 3JHRPHWULFDO VSUHDGLQJ" KDV WKH
ZDWHU :KHQ WDONLQJ DERXWdist&ahzeQ® £ Lida¢ ¥bkt-h W KH
doubling of the distance to a point source will result in a 50% reduction of the sound
pressure, i.e. a decrees d&IB.Hence, the sound pressure is inverse proportional to the
distance. However, the sound intensity follows the invegesre law9).

3.3.2 Multipath propagation

When sending signals in waténey will propagate in multiple directions, called multipath
propagation. The signals will propagate and reflect on different things in the water like
boats, the bottorandat the surfag. This will create weaker tirnearying reflections of the
original signals that will mix with the originahon timevarying signalscausing
intersymbol interference (ISISince the signals are reflected at both the bottom and the
surface, there will benore reflections in shallow than in deep areasl the interference
will therefore be more severe. Because of thissignals may become distortexhdthe
data will then be los{2]
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3.3.3 Doppler Effect

The Doppler Effect is an effect that causes frequeaciations in signals. The variations
occur because of the movement between the source of the, @atiébe observer. If the
source and the observaovetowards each other, the signal will get a higher frequency
because the wavelength between the Wste and the second becomes shorter then if the
source and the observer would have been stationary. The opposite happens when the
source and the observer movesg from each other, the wagetsstretchedwhich

causes longer wavelengttand in turn adwer frequency. This effect affeci
electromagneticultrasonic and lighivaves. For sound however, the effect can also be
caused by the medium that the sound propagates through. If the sound propagates throug
a nonsolid medium and the medium movetative to the source or the receiver of the
signal, the frequency will vary in the same way as described when the observer and the
source moved relative to each othé]

34 Ultrasonic transducers

An ultrasonic transducer is a device that convelgstrial energy to ultraonic vibrations
and vice versat Works asacombined microphone argppeakerbutat higher frequencies
than normalfrequencies that humans cannot H&&}. Ultrasonic transducers avery
useful when you want to both create and datéécasonic vibrationsasyou can do both
with just one transducer &g as you do not nedd do both atthe same timeAn
ultrasonic transducer is called a projector when sending &ydrophone when receiving
[19].

3.4.1 Different types of transducers

Ultrasonic transducers come in many forms and you usually divide them in two groups,
mechanical and electromechanical transducers. Mechanical transducers are transducers t
are driven by liquid, by pneumatics or by gakile electromechanical transduserre of

the types magnetostrictive or piezoelectric. The mechanical transducers are limited to low
frequencies while electromechanical transducers cadidamtremely high frequencies.

[20]

3.4.2 Piezoelectric transducer

Piezeelectric transducers are buitmaterials such as quartz crystals and cerajiifs

These transducers work much like capacitors. When connected to a high voltage they
change their physical shape depending on the polarity of the voltage, and thereby stores &
amount of energfQ]. Whenthe voltageaeturns to its formelevel, the shape of the

material will be restore®]. This property works in both ways, meaning that if the
transducers shape transform, the voltage over it will ch&@jgk you connect an

alternating voltage to a pieelectric transducer, it will vibrate at the same frequency as the
voltage alternatesind thereby emit an ultrasonic vibration with that same frequéasty

The oppositaalso applies for the receivéflhen he piezoelectric transduckeegins to
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vibrate flom ultrasonic vibrationgt thenstarts to emit an alternating voltage with the same
frequencyas the received acoustic sigi3dl19].

3.5 White noise

White noise isa signalthat consistef all frequencies from zero to infinignd has an
equal amount oénergy at all frequencie$rue white noise can therefore not exist, as it
would have an infinite amount of power. Howeusand limited whitenoise existgnd
consiss of all frequencies witim alimited frequency bandvherethe power of the signal
is equal at any giverirequency[9] If you want to create a band limitedite noisesignal
you coulddo this in MATLAB, as youcouldthen speify many properties of the noise
[21].

351 GCC - Generalized Cross Correlation

Generalized Cross Correlatig8CC)is a methodhat could be use find a known signal

for instance a white noise signalasked by noisby comparing the incoming signal with
the knownsignal youwant to identify When comparing the signaigu multiply them

with each other and thenlcalate the integral of the product. The value you get will get
higher the more similar the signals are to each other. By sliding one of the signals in the
time domain the integral will eventually get a maximum and when that hapypensill

have found yar signal[9][ 3]

3.6 Pulse modulation techniques

When you want to send a signal, analog or digital, you may want to, but sometimes also
need to, modulate the signal to a different form to be able to send it. Several techniques
exist for thispurposeand here w present twpulse modulatiotechniqueshat we have

taken a closer loolpon, pulse code modulatiofPCM) andpulse position modulation

(PPM).

3.6.1 PCM zPulse Code Modulation

Pulse code modulation is a technique for representing analog signals in a digital form. Yot
do this by sampling the analog signal and then store every sample as binary data. You cai
then send thdataby usingkeyingtechnique such agrequency shifkeying (FSK) and

on-off keying (OOK),whichwe describdater.

When you areendinga samplewith PCM, it takest seconds to send oibé, andone

whole sample then takedimes that of a single bithena sample consisting ofbits.

PCM is used as staad for digital audio in compute[8]. Here the environment presents
little, or no multipath signal#An example of a-bit PCM transmission is seenkingure?.
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Figure 7: A PCM signal consisting of three bits with the value five.

A shortcoming for this modation technique is that if yoeixpose the signab multipath
propagationsthe first bits will interfere with théollowing bits andcause intersymbol
interference (ISwhich could lead to thahe communication fail[2][ 9]. In shallow

water, which is a rich multipath environment the PCM would suffer greatly due to the ISI
introduced, unless used in combinationhaguard slots or some other keying technique
that will be presented lateforwirelesscommunication with little multipath the PCM has
a higher transmission ratleanPPM, which we will talk aboutn the next sectiar{2]

3.6.2 PPM #*Pulse Position Modulation

Anotherpulsemoduation techniquemuch like the PCMis PCM In this technique, gu

have digital birepresentations of the data you want to send, and then send the data in a
streamjust like with PCM The difference here is that instead of sending itiseobeby-

one, you are sending the whetgue that the bits represent with one puldee position of

the pulse in time is what determines the value dfataccomplish this you will have tse
eighttimeframes to be able to represem8-bit binary vdue from zero to sevemwhile this

only takes three timeframé@s PCM. If you look atFigure8 you can sea PPM signal with
the value five.

o | 1 | 2 | 3 | a | 5 | 6 | 7 | s
Figure 8: A PPM signal with one pulsepresenting the value five.

If you want to be able to send high@lues,you have to add one extra timeframe for every
value you want. Because of this, the signal will grow in length very quikkhitipath
propagation just as with PCM also affects thisdulation techniqueoutPPMis less
susceptible to thihecause when the receiver picks up the first pulse it can ignore any
pulse that comes in the remaining time of the frgi2|g4]

3.7 Data Keying Techniques

Althoughmostcommunications today ackgital, the signalsarestill analog when
transmittedwvirelesdy due to the analoghannekhe signalgravel throughsuch asir or
water[5]. To senddigital signals through thes@ndsof channels/ou can key th digital
levelsto varying physical properties in the anglsignal. When the receivesceives the
signal, it can convert the signal back to its original digital representation. There are many
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ways of doing thiswhich of we will present twonamelyFrequency Bift Keying (FSK)
andOn-Off Keying OOK), presented next9]

3.7.1 FSK txFrequency Shift Keying

Frequency Shift Keying is a methods#ndingdata by keying the logical levels to
differentfrequencies, whickhe transmitter thejumps between when sendirighis means
thatto implement FSK you need to be able to transmit on at least two different frequencies
(for binary signalsand the signal could then look like the onéigure9. The more

bandwidth you have, the more frequencies you canQusebenefit of being able to use
several frequencies is that yoan keymore levels to frequencigand the transmission can
therefore get faste©Onedisadvantagevith this methods that you neetb have enough
bandwidth to spread the frequencies apathatyou can distinguish them from each

other [22][9]

AWAWAWAWAWAWAW VLN L AWAWAWAWAWAWAWAW VLTV L LT,
YAYAYAYAYAYVAYAYLI ULV N UV VU RYAYAYAYAYAYAYAYL UL LT TVETVITLLY

0 1 0 1

Figure 9: Binary data keyed with Frequency Shift Keying.

When data is to be transmitted in water, FSK is frequeistyd due to its good properties,
one of being more resistant to multipath propagations in shallow water than modulation
techniques such as PCM and PPMother is the increaddransmission ratand also the
relatively simple implementation when compareegven more completechniques such
asdifferential phase shift keying (DPSKR]

3.7.2 OOK xOn-Off Keying

OOK is a very simple method that you can imstead of FSKIn this method,you only
needone frequency, the carrier frequency, becahegtesence dhe carriefrequency
presents logical one and the leof the carrier frequency presemtfogical zeroThis can
be seen ifrigurel0. [23]

AR AANANANARANA N
UUVUYUUVUYYUTYY UUYUUUYUUNUYUYVUN

0 1 0 1

Figure 10: Binary data keyed with eoff keying.

Advantages with this method are that it is simple to implepyentonly need tdhvaveone
frequencyavailable and it is more power efficient than FSK due to idling when sending
logical zerosDisadvantages with the method é#natit only can key two logical levels and
because the lack afsignal represeabne of theelevels,it gets harder tdetect
transmission lossegkanwith FSKwherethere are signalf®r all levels [23]
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3.7.3 Guard slots

Guard slotss a method you can use together viidlying, but it is not limited to the keying
techniqueslescribed above. The methodres'y useful when yowant to send a sign#iat
doesnat heavily depenan thetransmission spedtirough a reverberant chann@uard
slots areemptytimeslots in the signaand when a guard slot appears in the sigtied,
transmitter and the receivareidling to let reveberations fade awaw order to get rid of
unwanted ISIpefore contining the transmissio.his works well as long as the
transmitter and the receiveynchronizewith each otheproperly [2]
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4 SELECTION OF MEASUREMENT TECHNIQUE

We begin withcalculatingthe speed of sound in water, which will then be used when we
continue withpresenting how we we to measure the distance between the two
underwater units. We then present why we chose to use ultrasonic communication and
what type of transducers that can be used, and THeydatgpackages that need be sent
between the units willsobe explaind. All this will be followed by the evaluation of the
availabletransmission techniques and data modulation techniques.

4.1 Speed of sound in water

When we measure the distance between the two units we are sending out ultrasonic signe
in the water and measihow long time it takes for the signals to travel to and from the
receiving unit. When we then calculate the actual distance between the units, we need to
know at which speed the sound waves travel in the water.

To calculate the speed of sound in seawaterused Wilson W. D.s formula, which is
accepted by thBlational Oceanographic Data Center in the USA for computer processing
of hydrological informatiorj24]. When we used this formula, the resulting speed depended
on three parameters, the temperattire hydrostatic pressure and the salinity of the water.

If any of these parameters would go up or down, so would the speed. Because of this, we
decided to calculate three different speeds to compare and see if they differ much, or if the
differences are sall enough to neglect. The three speeds we decided to calculate and
compare was the average, the lowest and the highest speed. To do this we needed to kno
the average, lowest and highest values for the parameters. The lowest temperature for the
water thatve used waskE as the water at the bottom of lakes almost never goes below
that temperatureand if it is that could at the surface you usually do not dive when you are
a recreational dive9][2]. The average temperature of seawater EC[IZ5]. The highest
temperature we used wereEB(because the formula is not made for temperatures higher
than that, and the water seldom goes above that temperature. When you dive recreational
dives you usually dive to at least 5m, but you never go below 3D yve then assume

that the average depth would be that centered between 5m and 30m we get a depth of ab
18m, which also is the depth limit when you are not an advanced recreationalHiver [
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lkg/cn?  0,0980MPa[6]
1kg/ cn? /9,75min seawater[27]

1kg/cn? /10min freshwater[27]

10m 9,75m

9,75m ( ) 9,875m Y 1kg/cn?/9,875min averagavater

1kg/cn? /9,875min averagewater 0,0980MPa/9,875min averagevater
Hydrostatt pressuret different depths

5m: 5m(0,0980MPa/9,875m) | 0,050MPa

18m: 18m(0,0980™MPa/9,875m) | 0,179MPa

30m: 30m(0,0980MPa/9,875m) | 0,299MPa

Figure 11: Calculation of hydrostatic pressure at different depths.

Theresulting hydrostatic pressures at the different depths that we calculaG@5 Pa

at 5m, 0,179MPa at 18m and 0,299MPa at 8Bigurel1l). When we hadboth the
temperatures and the hydrostatic pressures, we also needed the salinity levels. The avera
salinity level in the seas is 35p9)[25]. The lowest level of salinity is in lakes, where

we assume that it is Opsid). The highest salinity level thtte formula allows is 37psu

(%0) so that is what we used for the calculation of the highest speed, even though some
waters have a higher salinity level @ikhe dead saahich have a very high salinity level

of 210psu)[26]. The resulting speeds wetd67m/s, 1514m/s and 1546. The difference
between these speeds are slight, and to compare them we calculated how long time it
would take sound to travel different distances at the different speeds. As $edteih

the time it takes to travel a distance between two and ten meters takes almost the same til
at all three speedi24]

Table 1:YFG!HIJGHIHKIEMORIN!HRKSETIGRGPH!TGPVHFMWHB SKRINRIVM#
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4.2 Distance evaluation

When wemeasure the distance, we do this by measuring thettiadeesfor the sound to

travel to the ther unit and back again. &¢ubtract the response time from the measured
time anddivide it by two to get the time it takes for the sound to travel in one direction.
When wethenhave the travel time, we need to decide the distance that the time represents
Because the speed of the soumdatervaries withchanging parameterashich we saw in
chapterd.], the time to travel a distance will of course also vary a,littdch we saw in
Tablel. To be able to decide which distance a measured time equals to, we meade a
table, Table2, which consists of ablel and four extra columns for minimum and

maximum time and corresponding distance intervals. To decide the minimum and
maximum time limis inTable2, we calculated them by using equatidn$ and4-2.

Whenthe system thedetermingthe distance between the unitsshecls the measured

time against these columns and hence obtain the distance. The two columns for the
distance intervals show in \dh interval the real distance is. As you can see in these
columns, tle values overlap each other slighffyis overlapping occurs because of the
variations in the sound speed in water. When the system approximates a distance, it migh
approximate it to ifferent distances in different environments depending on the
temperature, salinity and hydrostatic pressure of the water. This is however not a big
problem as long as the users aware of this behavior and kegn mind, if they use the
equipmat in eavironments where amgf these parameters differ much from the average.

=T, F>TFs;

B:T, L >TFs; E "

4-1

=TEs; F>T, 3
CT.L>TE n Fr&

4-2

TL@EOPEJARNAO

BT, L/EBEIAEIBRNIAPNAO
CT,L/=T&PEIAEIBRNIAPNAO
=T, L/EEFP N=FPAHBKNIAPNAO
>T,L/=TéP N=RPAHBKNIARAO
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Table 2: Sound speed in water together with time limits and distance intervals.

$DE+FGHE+IJK+LIMNO+FJ+FKPQER+PF+FDE $GHE+RGH 'GLFPNTEH
GN+HL GNFEK®PF
5GHGR| KHUIPIJOJ!| KHHSGRKVY KHWK[IJOJ!| 5IP! | 5K[! S5IP! | 5K][!
HN! MXGGQ! MXGGQ! MXGGQ!| UM]' | UM | \J]! \J]!
HRKS$( "6AAY@BJZ "7"1YA@JZ| "76AY"7IZM
N "Ye "Y1 "Y1 YT "YA "Y7 Y7
1 YC YC YO "Y@ .Y.! .Ya 1YY
6! Y@ YA YAl Y1 YD 1Y 6Y7
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4.3 Acoustic signals as information carrier

When sending signaigou can choose between several tygash alectromagnetic,
soundor opticalsignals. As stated in chap@B.1electromagnetic wavese not suitable
because of its high attenuation in watard optical signals would attenuat® fastwhen
therearemanypatrticles in the wateWe are therefore left with the ultrasonic sighgile,
which propagates pretty well in water addes not get affected by the particles in the same
way as optical signal8lost underwateequipmentlso use this signal type when
communicating, &seenwhen you read about existitgchnologiesand related work in
chapter3.1and3.2

When sending and receiving ultrasonic signalch@&ose to use giezoelectriaultrasonic
transducer (see chap®#) which can both transmit and receive ultrasonic sigaadsis
made for high frequency signal&/hen looking at these kind of transducers we notice that
the price gets considerably higtif we chosdransducers withigher bandwidthgseveral
kHz and more) thaabout 12 kHz, which aremuch cheapd28]. As our aimis to develop

a cheap and simpkystem, we choose to utilize chaegnsducersand thereforeve have
limited bandwidth

Neverthelessye cannot just choosdheapiransducersthey have to bevaterprooftoo.

There are transducers that are both cheap and waterpgbaflich could fit our needs,

butit might also be possible to make nreaterproof transducewaterproof. I30] they

are making simple waterproof hydrophones by rubber molding piezoelectric elentents in
SODVWLF 3HJJV" 7KH VSHHG RI VRXQG LQ WKH UXEEH!
use is to mount the piezoelectric elemetw anPVCpipe that theyifi with canola oil and

then seal isThesound speed in the oil they usel440m/s. The speed of sound in both
materialsthat they haveisedwhen building these waterproof hydrophoaes very near

the speed of sound in watbat we calculated in chapté.1, butwill probably have a very
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low impact on the sound wavegen measuring their travel timié the impact gets to big
though, the difference could be accounted for in the softWateesetechniques areiable
alternatives to the waterprowansducersve do notknow asthey only made hywphones
for receiving sound waves andt for thetransmissiorof them We find these ideas
interesting though and would gladly have tested them to try to make owaterproof
transducers if we would have had the time.

Another thing that we have to consider when choosing transducers is the angel of which
the transducer can receive and transmit. This is something that varies greatly between
different manufacturers. Ogpoal is to have a transmitter and receiver \aith
omnidirectional signal patterithereforejf the angle igoo small we might be forced to

use several transducers ingigl, aimed in different directions.

4.3.1 Pulse calculations for piezoelectric transducers

The time, during which you apply the voltage to the transducer, wajtallThis time
consist of Wy, and ... When you apply the voltage to the transducer, it needs some time

to build up theamplitude of the transmitted sigr{2]. This buildup time we call I, and

in order to get correct oscillations it is the minimum time we need to apply the voltage to
the transducer. We then need to keep the voltage applied during thelyimefor the

transducer to sendveholepulse at its intended strgth. This to ensure that the maximum
distance will be reached. To calculate thises there are some formuldst you can use
which are4-3, 4-4 and4-5 whereN is the number of periods during the puligehe
transmission frequencBW, the transduas bandwidth an€ the number of periods
needed duringly/, [2].

Q
W
4-3
N
Iél(rst f_o
4-4
fO
Q Bw
4-5
4.3.2 Narrow band piezoelectric transducer testing

To test the characteristics of a narrow band piezoelectric transducer we conducted a brief
test with two EC4016 transducers from Sencera Cq.th&d were avitable at the
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university The test set up was made up by one transducer thatesttadsmitter and

therefore was connected to a signal generator. The signal generator was set to produce a
40kHz sine wave with 10Vpp. The receiving transducer was comh&ctn oscilbscope

LQ SDUDOOHO ZLWK D NY UHVLVWRU VLPLODE®\ WR

The received sine wave signal was greatly cedyad at a distance of about 30cm the
peak to peak voltage level had dropped to thenitiagde of millivolts. When changing the
signal type to square wave for the transmitter we noticed a slight amplification of the
amplitude on the receiver side. However, dBeilloscopevas stillshowinga pure sine
wave.

The bandwidth of the&tansducers was estimated to be somewhere around 1,5kHz.

4.4 Transmitted data

When measuring the distance betweenuthies, we will send ultrasonic signate measure
the time that it takes for the signals to tradvatk and forttbetween the unitddowever,

these signals will natnly beultrasonic signals, they will contain data that will be essential
for the system functionalityrhe datathat the packagesill consist ofis thetenbits seen

in Figure12. The first fourbits (seen from the righ@irefor synchronizatiorj2], the

following four bitsarefor channel IDthe ninthbit is for the alarm andhe final bitis for

parity check

P A | ID3 | IDy | IDy | IDg | S5 S St S

Figure 12: Signal data. S;-S; are synchronization bits, 1D, are
the channel ID, A is for the alarm and P is the parity check bit.

441 Synchronization

When one unit shall receive a signal, it has to be able to identify the beginning of the signe
to be able to interpret it correctlin asynchronous RS23&rialcommunicatiorbetween
computersvherethe communication takes place in a cable, the synchronization consists of
asingle bit that informs the receiving part that data is con8djy This method would

probably have worked in our communication if we where to use a cable as the medium to
communic#e through. However this is not the case as we communicate wiyalassigh

the waterwhere noise and other signals easily can interfere with our signéhesemake

the receiving unit miss the synchronization bit and act as if one of the followmg no
synchronizing bits were the synchronizing bit. To overcome this problem we choose to
implement asolutionmuch like the one used idg] where they send seven

synchronization bits, all having the value of one, which the receiver must recerale

to identify the beginning of the signal and prepare for incoming tfataur solutionwe

alsosend several synchronization bits, but instead of sending seven bits which all have the
value one, we choose to send three bits with the value one/éallby one bit with the

value zero. The first three bits has the same function as described with the seven bits
above, theeceiving unit must identify three incoming bits, which all have to be ones, to
identify the beginning of the signal. If the receiyianit misses the first one or two
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synchronization bits, and thinks of the second or third bit as the first, the fourth bit will
interrupt the synchronization process and ensure that the unit will not try to synchronize
using other data bits that followset synchronization bitéf the receiving unit would miss

all of the synchronization bits amy to synchronizevith the following data(which we do

not think is likely to occur)the unit will most likely fail to identify three ones and a zero
followed by a correct channel IDNVhen failing, the unit will restart the process of finding

a signal and try to synchronize again.

442 Channel ID

The channel ID in the packags an ID that the receiving unit compares with its own to
check if it shouldeact on the pkage or not, because the packegeld bedestinedor
anotrer unit nearby, or it could originateom a whole other type of systeithe ID

consists of foubits, which gives us 216 different channels. This gives the possibility to
use 16 pasof unitsin the same areas long asot alltransmit at the same timéhis has

to be regulated by the software.

4.4.3 Alarm

The alarm bit in the packagea bit that the sending unit uses to inform the other unit of its
alarm status. Avalue ofone means that thenits alarm is opwhile avalue ofzero means
that it is off. We will explainmore abouhow thisworksin chapter6.2.2

4.4.4 Parity

This bit is for a simple parity controf the signabnd itwill help to ensure thahe

received signal is correcfhe unit des thisby checking if there is an even or odd number
of ones in the data received prior to the paritydnt then compareswith the parity bit.

An even number oR Q lddfréspondo the parity bit being aezo while an odd rmaber of
RQHTV FRidivbdeMdsaRoQebhis is called even parity, and it is able to detect an odd
number of incorrectly tresmitted data bit§32)

4.5 Transmission technique

To transmit our packagmntainingthe datamentionedn chapter4.4, we can use several
techniquesnentioned in chaptefz5-3.7. We first considered sending white noise, which
we ran smesimulations onbut then realized that it would be better to oseof the

keying methodinstead

451 White noise signaling

When we considered usitgndlimited white noisgchapter3.5) as our signal, we
thoughtabout usingvhite noise generated in MATLABIn this way, wavould have a
unigue signglwhichwe would know the content ofp transmit and the units could have
individual signalsso that several pair of units could operate Imganchother, without
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risking receivingthe wrong signalT o identify the signalwe could use general cross
correlation described in chapt&b.1 There are severdisadvantagewith this methodf

using white nois¢éhough.First off all, this method will consume more power than other
methodghatwe have looked aflhis isbecauseeneral cross correlationcludessome

heavy calculationf3]. Seconds that we cannot send different data with the white resse
there is no way of adding data tolitwe would want to send data in any form, we would
need to have different white noise sigrthlst would have to represdtifferent data. This
would forcethe receiver to be able to identify more than one sjgmal thecomputational
demand would thereldlye muchhigher, resulting inhigherpower consumption. Another
disadvantage is that the implementation would be more complex than the methodls we wi
present in the following chapte.5.2& 4.6), considering theoftware implementation

for the MCU The biggest disadvantage though, is that to sdrahdlimited white noise
signal(which as stated in chapt®s5, consist of all frequencies within the banag would
need a transducer with a wide bandwidth that could switch between all thenfriesgue
without any delay. As menti@din chapte.3, we intend to use chedam@ansducers, which
have a very limitethandwidth causing the white noise method to fMloreover,

constdering that the transducer would have to be able to switch between different random
frequencies without delay, we do not think this method is possible withiangelectric
transducer due to the signal buildup tjmigy, (presented in chaptdr3.J), of the

transducers.

45.2 Comparison of OOK and FSK

As we did not find thenethod to sentiand limited white noissignala viable solution
(chapterd.5.1), we need another way of sending our signal. G FSKthatwe
presented in chapt8t7.2and3.7.1are two alternatives thate consider insteaas they
might suitour needsBoth methods have thieadvantages and disadvantages, which we
present inrable3.

Table 3: A comparison othe keying method®OK and FSK.

, &&U+ 734
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GIIGTMRFX+JI+GHSREHENFPFGIN | OXTG | (1o
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I —
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Looking at theable,we see that OOknly needs one frequency while FSK needs at least
two. Knowing that the ultrasonic transdudkatwe will use has a very limited bandwidth
OOK looks much more promising for us. If we where to use FSK we would need a more
expensive transducerith awider bandwidth. However, instead of using a transducer with
a wide bandwidth, ather alternative would be to use several cheap transducers with
different frequencies. dhe of these alternatives is suitable for us as they are both more
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expensive than using OCdhd the second alternative wouldtbe complex to implement
Insteadwe will use OOK and try to get around the biggest disadvantage that it has, namel
its sensitivity to multipath interferenc&his can be handled by adding guard slots

mentioned in setion 3.7.3 to the OOKandthatis the method we will us@he guard slots

will then make the system immune to multipath propagations.

4.6 Modulation technique

While we were looking into different ways of sending and modulating signals we looked at
the two modulation techniques PCM (chaf@#.1) andPPM (chapter3.6.2. PCM, as

stated in chapte8.6.1, is mainly a technique to store samples of analog signals in a simple
digital form for easy transission via digital communicationés ou signal is digital we

can say that it alrely is in PCM format. Nevertheless, an alternative to the PCM technique
could be to send it with the PPM technigWée will therefore compare the PCM technique
with the PPM technique to see if we should convert our signal to the PPM format instead.
PPM is nuch like PCM putit gets slowens the demands to send higher values .arise

When sending data with PCM you send the bits in a stream and the signal would then lool
like the first signal irFigurel13. When sending theame data with PPM the signal would

in this casdook like the second signal the samdigure and as you can see, PRbtds

five timeframes moréo transfer thsamedataasPCM transfers in three

Figure 13: Signal withthe value fiveén PCM (the first signgland PPM (te secondignal).

Although the PPM technique is slower, it hhsadvantagef being less vulnerable to
multipath propagation interference thitie PCM techniqudue to the transmission of only
onepulse, whichmakest possible to ignore any pulse arriving after the fifste PPM
technique isxowever not immune to multipath propagation interference. If the pilea
sending one value comes in one of the last timefraitsasultipath propagation could
spread to thémeframefor the next valuand interferavith that instead, causing a
communication error.

As both PCM and PPM has problems with multipath propagation interference, although
PPM has not got that big of a problem as PCM, we need to teglt@e this problem to a
minimum. For thatreasonwe LQWURGXFH WKH PHWKRpeesBiteA ML QJ 3.
chapter3.7.3 By using guard slot® thetransmissionsye introduce time for the

multipath propagationto fade away before continuing the transmissieaking it immune

to multipath interferencél'he signals irFigure13 would then look as ifrigure14.
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Figure 14: Signal with the value five in PCM (the first signal) and PPM (the second signal) together with
JXDUG VORWY UHSUHVHQWHG E\ WKH *TV

As you can see, we need to have a guard slot between every bit in the signal when using
PCM whilewe only need to have one guard slot at the end of the signal when using PPM.
Since the PPM technique only needs one guard slot independent of how long the,signal is
while the PCM technique needs one guard slot for every bit, the PPM technique could be
faster than the PCM if the time that a gilialot takes is long enough. To be able to
determine which technique that will be the fastest for usjeee to know how longme

the pulses and guard slaékes

In order to calculate this time, we use the fdasé-3, 4-4 and 45 presented in chapter
4.3.1to get WY, which is the time we seek. In thefsemulas, we need the transmission
frequency and the bandwidth for the transducer. We thereforghesgdlues of the
transducer 400EP18A8] which aref,=40 kHz andBW,t=2,0 kHz. Using these values, we
got aQ of 20, Figurel5. To get a signal burst with about 20 correct oscillations, which
should be enough, we tledore choose a value BiE40. I/, thenbecamelms where the

first 0,5 ms ismade up by kY, and the remaining 0,5 ms iy,..

Q fo  40kHz 20
BW, 2kHz
W Q 20 0,5ms
f, 40kHz
W ~ oo Ims
f, 40kHz

Figure 15: Calculations of, W/ and W

We now have the timédg., = 1ms which we sough#ith thistime, together with the

duration of a guard slp20ms 2], we can now calculate the speeds with the formdias
4-7 and4-8 where Iy, is the time for the synchronization bits a8 the number of data

bits.

'é%c 4( lékrst lédard)

4-6
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Using thesdormulas,we get the times Figurel16to send our package consisting of six
data bits.

%C 4( Iéldrst lédard) 4(1rnS 20‘”9 84mS
Tocm ,é%c B( W« lédard) 84ms 6(Ims 20mg 210ms

Tom  Woe 2° Ww Wao 84ms 2°*1ms 20ms 168ms

Figure 16: Calculations 0f2n, Tecm andTepm.

As you can see, the transmission is 42ms faster with PPM than with PCNk &his
considerable differende speedbut we do not think that it isuge, and because of that,
something that we do not consider important as the system is not that depertient on
speed of the transmissioBeside this difference we cannot see that either one of the
methods have any advantage over the other when they are combined with the Guard Slot
method, and as our signal already is in the PCM format we therefore choetsi¢ $tely

that way, choosing the PCM method.
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5 HARDWARE DESIGN

51 Overview of hardware block sets

To find the best hardware solution to our system we first have to identify the system block
sets that outline our system. The aim is to minimize the numtext@fal components in
order to mnimize power consumption, buttle same time try to keep the system simple
and robust [10]. Ifrigure17 we see six main blocks that we have identified.

Power

A\ 4
Transmitter

A A\ 4

Receiver |:> MCU 7
Alarm
ﬁ A 4

User
interface

Figure 17: Overview of hardware block set

The miaocontroller (MCU)processes and coordinates information to and from the other
blocks. The receiver unit transforms and reconditions the acoustic waves into electrical
signals before they are sent to the MCU for-édhversion. After processing the data, the
MCU makes use dhe DA-converter to pass on information to either the transmitter or
alarm block set, depending on the information received, or in case it does not receive any
data. The transmitter unit boosts the signal voltage before the transducer sends the
ultrasonic burst mode pulse. In case of an alarm event the alarm block set will notify the
user of the current condition. As mentioned earlier, the user interface is made up by three
parameters that can be altered by the useromhaf button, selectors for alardistance

and channel settings.

5.2 Transmitter

There are several different approaches, which can be used when implementing the
transmitter block set to the Buddy Tracker unit. The main goal here is to get a strong
enough signal so that it reaches the receavés maximum specified distance but no
further. This is done to keep down the amount of multipath signals that otherwise would
flood the receiver. [2]
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5.2.1 Sonar Equations to calculate transmission losses

To calculate the strength of the acoustic sighal is to be sent we can make use of the so
called sonar equations. These equations try to quantify all the effects that apply when
sending acoustic signals through an underwater transmission cfzgjnd@here are two

types of sonar equations, passivd aotive [34]. The active sonar equations apply when
the acoustic signals are produced by our system, propagated through the underwater
channel, and then reflected by the target [34]. This system utilizes the same principles as
land based RADAR systems [[3#owever, in the case of our intended system, we are
only interested in sending the information emay, so that the receiver can detect and

react to the information that has been sent. For this, we can make use of the passive sone
equations in order toalculate the needed source level (SL) in decibel (dB), [2]. However,
we have to modify the equations so that they better fit our short range, omnidirectional
transducer pattern. Starting with a standard sonar equafipthis equation can be

reduced to equatiosr2 where RL represents the receiver sound level in dB and TL the
transmission losses in dB due to the underwater channel [2] [33].

5.L0.E6.F:&¢E&F E&B
51
5.L4.E6.
5-2

These reductions are made possible due to that we are using omnidirectional transducers
and because of the short distances between trantit@r and receiver [33] [2]. The

directivity index of the omnidirectional transmitter {Dand receiver () has a power

ratio of one, which corresponds to 0dB and is therefore neglected in the reduced equation
[33]. NL represents the total effect of backgrouand selnoise that is affecting the

system [33]. However, the short distance makes it possiblkegleat this parameter [2].

The detection threshold (DT) is a user specific parameter, and can therefore be neglected
[33].

The reduced equation shows that the source level is equal to the receiver level plus the
transmission losses of the transmissiomadeh The transmission losses increase with
distance due to the geometrical spreading, and it is also affected by frequency dependent
absorption [2], according tequationr5>-3 ZKHUH U LV WKH UDQJdh DQG . L
coefficient.

6.LtrZ ®EUN
5-3

The first part of equatios-3 refers to the geometrical spreading, which produces the most
of the transmission losses [2]. At a garof 20 meters, the losses related to geometrical
spreading would be about 26dB. The impact of the waters ability to absorb sound waves
can be seen iRigurel8. The data is calculated according to the Francois and Garrison
algorithm from 1982 [16].
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Figure 18 Sound absorption vs. frequency 2100 kHz. Data is calculated under the following conditions:
7HPSHUDW XU kh 18ni, &alihity35ppt, Acidity 8pH.

Here we can see that the absorption varies between-0,088 dB/m for frequencies of
20-100 kHz [16]. Of course, the absorption coefficient varies based on other parameters
such as temperature and salinity. However, the variations are slight and tiamge the

fact that the geometrical spreading plays the main part of the transmission losses [16]. So
for two systems separated by 20 meters and working at 40 kHz the transmission losses
would be:

6.LtrZ2'% ErasUtr Ltxd@ $
5-4

The source level of the ultrasonic transducer is often specified in the datasheets, for the
specific product. The sound pressure level (SPL) in the data sheets often refer to the
pressure of 20uPa as the zero decibel level [35k iBhthe reference level in air. In water

the reference level of 1uPa is often used, and therefore a recalculation ofltheidBs

often necessary [9]. The specified SPL should also be measured at the standard distance
1m at the center of the acoigssource [2]. However many manufacturers specify the
distance of 30cm. If we are to apply this data to our sonar equations we have to calculate
the SPL at 1m, and this is done according to [35]:

.GL.5FtrUHK—:§:

L, represents the sound pressure level at the specified distalrcerder to calculate the

SPL at distance,we solve |; for the equation above. For instance if the SPL for a given
transducer is 100dB at 30cm, with &erence level of 1puPa, then the equation above

would give us a SPL of 89,5dB at the distance of 1m from the source. Once again if we us
the reduced sonar equation in combination with the given examples for transmission losse

5-5
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and source levels we wouldtgereceiver level of approximately 63,3dB at a distance of
20m.

5.2.2 Hardware implementation

The sonar equations are important tools when it comes to designing the transmitter unit. A
mentioned earlier there are many different ways of implementing the &ig@dwe have
lookedat methods used in earlier worky finstance the use of transformers to boost the
ultrasonic waves, or switched amplifiers [10] [14]. But first we have the form and type of
the signal when it leaves the microcontroller. It is quite éagienerate square waves with

a micro controller. Normally we would have to convert them into sine waves in order to
send them without undesired overtones [9]. However, if a transducer with a small
bandwidth is chosen, then it will acts as a batup fiter (see section 4.3.2), and therefore
only transmit the first harmonic (fundamental tone) of the received square wave, given the
first harmonic coincides with the transducer frequency [9]. It is a bit confusing to say that
the transducer acts as a batap filter at its resonance frequency. But if we think about it,
we realize that if the transducer is to transmit a signahave to apply an alternating
voltagewith a high amplitudever the transducéo make it oscillate, as the alternating
current t needs would otherwise be too lothis is becausa bandstop filterhas its
highestimpedance in the stop band, and wiagplying ohms laywe see that to ged high
alternating currenthe alternatingvoltageamplitude needs to bégh as well9].

Another method to construct a sine wave is to utilize the pulse width modulation (PWM)
technique that is implemented in many microcontrollers [36]. This in combination with a
low pass filter will generate a sine wave [37]. The drawback with this techisidjuat it
requires the PWMrequency to be quite high. For instance if we want to generate a 40kHz
sine wave with it resolution (32 steps) the PWivequency is then given by the

following formula [37]:

29/ yagh KOER:AQU:INKBORG Usr
5-6

This gives us a PWMNrequency of 12.8MHz. As you can see this method requires a high
frequency in order to generate a moderate frequency of 40kHz. Of course, the required
frequency can be reduced by accepting a lower resolution by changing the numées of st
[37]. An advantage with this type of signal generation is that the center frequency easily
can be changed by editing the software of the microcontroller. This is a benefit given the
variation of center frequency in the transducers.

As mentioned arlier in this section the transducer drive can be built around a transformer
[14]. The schematic ifigure19 shows the transformer and how the selawg winding is
connected to the piezoelectric transducer that has been modeled as a capacitor. Due to th
the transducer can be modeled as a capacitor, the right hand side of the circuit will then ac
as a parallel Lebscillator, producing a barstop fier [9] [10].
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Figure 19: Schematic for a transducer drive.

The primary winding of the transformer is connected from positive supply voltage to the
source pin of a power MOSFET, which is controlled by a PWM signal, provided by a
microcontroller (MCU) [10]. The Le&zircuit will be oscillating at its resonance frequency
when energy is applied. In addition, by timing the MOSFET switches to the upswing of the
LC-oscillator resonance frequency, we will only impart that much energy toGh

oscillator, so that it replaces the energy losses to the water. Thereby the actual signal
generation is left to the L-@scillator [10]. However, there are both pros and cons when
choosing this alternative. The obvious benefit is that the supply eattatte transducer

circuit can be held low. Another is the signal generation speed of the circuit. It can reach
full amplitude within a single period of operation [10]. A drawback with this kind of
solution is that the inductor and capacitor of the palr&IC-oscillator set the resonance
frequency. In order to get the desired frequency we have to add capacitors in parallel with
the transducer [10]. This is especially tricky when dealing with narrow bandwidth
transducers. Another drawback is that transtrsrare relatively expensive when

comparing to other components.

A more straightforward method, presented by [12] and [14] is to utilize a switching
amplifier to boost the transducer voltage. View the block configuratiigure 20.

5&+!-%a &TKMM!-Z2! SNVEXKMM +THRKMNPIM
"NPSGRHE K %JX UITHGR HRKPMQO*GR

Figure 20: Transmitter set up for the "Microcontroller -Based Underwater Acoustic ECG Telemetry
System*

To minimize power dissipation we showtscard the linear amplifiers and stick to the

Class D and Class E switched amplifiers [12] [9]. The drawback with this method when
compared with the method of using transformers as the boost circuit is that the switched
amplifiers require a supply voltagieat is a bit higher than the desired transducer voltage

[9]. To solve this we either have to use batteries with higher voltage output or some kind o
stepup converter so generate sufficient supply voltage to the switched amplifiers [9]. The
low-pass fiter or reconstruction filter iRigure20is there to eliminate higfrequency

switching components from the PWM signal [9] [14].
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523 Choice of transmitter unit

The transmitter unit that we have decided to implement is the one utilizing a switched
amplifier. The motivation for this is that an implementation of the transformer boosted
transmitter circuit would be tricky, when considering the narrow bandwriaitisducers
used in our system. The chosen transducers would also make the calculations for the
resonance frequency of the idScillator both critical and hard. Furthermore, it would be
more costly. Thereby we aim for the solution of using switched aeiglifo amplify the
squarewave bursts, produced by the MCU. The amplifigghal will then be €d directly

to the ultrasonic transducer. This is possible due to the-ftapdcharacteristics of the
narrow bandwidth transducers. If the bandwidth of thesttacer is too wide, we could
make use of filters Hbetween the amplifier and the transducer [37] [9]. The block set for
the opted solution is shown kgure21.

—
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Figure 21: Chosen transmitter block set.

53 Receiver

The general configuration of the receiver block set is seEigire22[14] [10] [12]. We
need some kind of pramplification of the signal. The problem here is the great variations
in signal level caused by varying distances between the two Buddy Trackef haits.
preamplifier will be followed by some kind of signal conditioning unit. The extent of this
block set highly depends on whether or not the MCU will be conducting the signal
processing, or just sampling the already conditioned signal. More aboutehisrian this
section.

OIVPKT!
+THRKMNPJA! 5&+!%-a
=R |
/RKPMQO"GR GKIXTIUI &N,E)IQR,I\HO:II?I_'PI \ ANPSGRHGR

Figure 22: General receiver block set.

531 Evaluation of receiver types

In section3.2.1they used a software controlled amplifier to boost the signal from the
ceramic transducer. This signal was then sent to a tone decoder [10]. The block set of this
configuration is seen iRigure23.
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Figure 23: Receiver set up, "Ultrasonic communication system for biotelemetry in extremely shallow
waters".

The softvarecontrolled gain is a way of assuring that the gain output level of the amplifier
is held within the operation level of the tone decoder, which is of type LM567 and accepts
voltage levels up to 9,5V [9] [38]. The tone decoder is designed to proviaderated
transistor switch to ground when an input signal is present within the preconfigured pass
band [38]. In other words, if a transmission burst is detected within the pass band, say
40kHz, the tone decoder outputs a high output determined by thiy sofipge and

regardless of the strength of the incoming signal [38]. This signal is theztoAZerted by

the MCU [10]. This method is easy to implement except for some programming of the
software controlled gain. However, when it comes to power consomypis is not the

best choice in hand. The LM567 Tone Decoder has a specified power dissipation of
1100mW according to the data sheet [38]. This can be avoided by passing some of the
signal processing onto the MCU and thereby replacing the tone dedtidézss power
consuming electronics.

Yet another receiver configuration is the one used by the unit in s8c&d@The block
configuration forthis receiver setip is seen ifrigure24.

FrevANte el
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Figure 24: Receiver set up for the ECG Telemetry system [12].

First they have a preamplifier that feeds the received signal to goaasdilter. The need

of the band pass filter is determined by the ultrasonic transducer bandwidth (see section
4.3.2. If a narrow bandwidth transducer is used, then the transducer itself will act as a
bandpass filter for the received signal. Of course the purpose of the filter could be to
eliminate noise that has been amptiftey the preamplifier.

The envelope detector is an electrical circuit that converts a high frequency input signal,

DQG RXWSXWV WKH 3(QYHORSH’ FRure25wheteQte Xed/lindovi F D
top indicates the envelope [9].
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Figure 25: A signal and its envelope marked with red. [9]

1l fir

The envelope detector is often made up by two main parts. First of all the siggetified

with either a half or full wave rectifier, then the pulsed DC signal is filtered with a low
pass filter to smoothen the pulses [9]. The output pulse will become a bit wider due to the
smoothening operation, that will leave a tail after thatahesignal pulse has disappeared
[9]. To get rid of this, the pulse will later on paksougha pulse shaping circuibut

before that, it will be fé through a Threshold detector [2]. The threshold detector is of
hysteresis type, and it will give a sedted output when the input signal passes a hardware
configurable threshold [9]. The purpose of this block is to provide a constant output
voltage for the subsequent blocks, and possibly, it could be used to wake up a
microcontroller from hibernation.

Pulse shaping circuits are often implemented to get rid of inter symbol interference (ISI) in
D WUDQVPLVVLRQ > @ ,Q RXU FDVH WKH HQYHORSH G
pulse due to the smoothening process of thedass filter. This tail wathen sent through

the threshold detector that outputted a square pulse, which was a bit wider than the origin:
SXOVH EHFDXVH RI WKH 3sWDLO” PHQWLRQHG HDUOLHU
PDGH XVH RI D SXOVH VKD S H Us&Wwrith. AXcoimank D3ed\pHise D G |
shaper is the raisezbsine filter [9].

After the pulseshaping procedure, the signal will be ready for the microcontroller.

5.3.2 Choice of receiver unit

The receiver type, which we have opted for is configured so that theprocessor will
perform most of the signal processing work. This to minimize power consumption by
minimizing the number of external units such as Tone Decoders and threshold detectors
that, if implemented would draw considerably more power [38] [9]. Endwmare block

sets that we still need to implement in our receiver board is séggure26.
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Figure 26: Chosen receiver block sets.

First, we have the ultrasonic transducer that shouldrnaeraw band piezoelectric
transducer. The acoustic signal, sent from the other unit will have low amplitude and it will
also be mixed with noise from the surrounding environment. However, by choosing a
narrow band transducer we will get a band pass cleistat on the received signal (see
section4.3.2. This filtering will probably be enough in order to omit the earlier mentioned
bandpass filter.The amplifier has a fixed amplification to reduce implementation
complexity [14]. The choice of correct gain level will be vital, so that the signal can be
amplified enough for the subsequent blocks, but not too strongly. In order to protect the
MCU from over voltage we placed a voltalimiter just before the MCU AEconverter

[9]. This voltagdimiter is made up by a Zendiode to keep the voltage from exceeding
MCU maximum ratings. A resistor will be regulating the current that passes through the
Zenerdiode [9].

In-between the antifier and the voltage limitewe have the Envelope detector which we
have chosen to be a fullave rectifier followed by a lowpass filter [9] [12]. The issue

about the envelope detector, and its ability to introduce ISIWtKH SWDLO”™ LV QR)
in our case since we will be using pulse code modulation in combination witfi on

keying (see sectioB.7.2and3.7.1). This means that after every successive pulse, there

will be a decay time for the multipath, and therefore the introduced ISI will not be
distorting any subsequent pulses (see se@i@rd. The signal that will be feed to the AD
converter of the MCU will be a squalike pulse.

54 Ultras onic transducer unit

The ultrasonic transducer unit consists of both the transratterreceiver unit. This is

made possible with the use of a transmitter/receiver switching network as in the WHOI
Micro-modem, mentioned earlier in this report. In pragtize will implement MCU

controlled transistor switches to handle the switching between the receiver and transmitter
circuitry [9]. By doing this we will be able to use the same ultrasonic transducer for both
sending and receiving information. We couldaisduce the number of used MCU
output/input pins if the chosen MCU supports pin I/O changes duringimeabperation

[36].

55 Alarm unit

The alarm unit is activated by the MCU when the SCUBA divers are separated, and the se
alarm distance is exceeded, or when no communication signal is received under a
predetermined time duration. The unit consists of a buzzer unit and a circuit thes #ash

set of high brightness LEDs.
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The idea is that the MCU only will need to set or reset an output to the alarm unit. This
way the signal generation is left to the alarm unit, and the MCU can continue with the
other tasks.

5.6 Microcontroller

56.1 Evaluation of microcontrollers

The two microcontrollers used $§12.1were both from Atmel and belong to theib

series [11]. The microcontroller situated on the receiver side worked at 20MHz compared
to the transmitter si& working at 8MHz [10]. This is due to the higher demands on signal
processing for the receiver unit, when working with FSK and eowection coding [10].
Otherwis, the two processors were quite similar in their key features as s&ahlav.

Table 4: Comparison of microcontroller/DSP features used in elated work. [11] [13] [39] [36]

Name Archi- | Speed Program | RAM PWM ADC | Wake- | Operation
tecture memory up voltage
Atmel 8-bit Up to 16k 1k SRAM | 6¢h 8/6¢ch | Yes 2.7-5.5V,
Atmegal68 20MHz 20MHz @
4555V
Atmel 8-bit Up to 32kb 2k SRAM | 6¢ch 8ch Yes 1.85.5V,
Atmega324 20MHz 20MHz @
4555V
Intel 87C51| 8-bit 12/16M | 4k 128b No No ? Approx.
Hz 2.25.5V
@ 12MHz
Texas 16-bit 160MHz | 32k 256k No No Yes 2.7-3.6V
Instruments
TMS320V
C5416
(DSP)
Microchip | 16-bit | 40MHz | 128k 16k 16-bit | 1-A/D | Yes 3.03.6V
dsPIC33FJ PWM | 10x12 @ 40MIPS
128GP802 -bit

The Intel 87C51 microcontroller that was use@®.d.2for transmitting and receiving PCM

or PPM signals in combination with OOK is running at either 12 or 16MHz, depending on
the used microcontroller [13]. However, this indicates that the computational complexity
of sending signals in either PCM or PPMWDOK is rather low [12]. This makes the
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choice of microcontroller less dependent on the processing speed and we can concentrate
more on other parameters such as the implementation of Albdderters, PWMinits
and power consumption.

Furthermore, the BP used in the WHOI micamodem is by far the most competent signal
processor in the crowd [39]. As seerTiable4, it is running at 160MHz with a 16it

Harvard architecture. The DSP has a high level of parallelightan perform two read
operations and one write operation within a single cycle [39]. This excess of processing
power is however overshadowed by the lack of peripheral units such as the above
mentioned AD/DAconverter and PWMinits.

5.6.2 Chosen microcontroller

The microcontroller we would like to use in our system should have the peripheral units
that we need, in order to minimize the external part count and there by minimize power
consumption. The above mentioned DSP has great computational paviecks the
peripheral units while the Atmega family has more peripheral units, but not that much
overhead for further development [39] [11]. Thereby we sense that we have to find
something in between, and with some more peripheral units such-asrmérters.

The Microchip 16bit dsPIC33 family presents a quite competent microcontroller with
DSP functionalities for more complex implementations. The dsPICFJ128GP802 with its
speed of 40 MIPS (Million instructions per second) should provide sufficiemhead. It

is also fitted with both an Aband DAconverter for easy input and output configurations.
The PWMunit also provides further development opportunities. For instance the
implementation of a PWM driven transmitter unit. [36]

When choosing a rarocontroller it is beneficial if it can maintain performance over a wide
range of supply voltage variations [10]. This in order to drive the MCU directly from the
battery and by that reduce the number of external units, but also lower power consumptior
However the chosen dsPIC33 only accepts supply voltage variations wittg8i6¥,ih

order to operate at 40MIPS, as seemable4. This is a sacrifice we are willing to take

due to the units many peripherals, thal vabluce the external part count. For this reason

we have to implement a voltage regulator on the power supply unit [9].

5.7 User interface

The user interface consists of an oh&itch, a channel select@m alarm distance
selectorand a master/slave switchhe set information will be collected by the MCU at
system power up in order to determine if the unit will be working as a master or slave in
the buddy tracker pair (see sectfor further information). In addition, the set alarm
distance and channel information is collected.

57.1 Channel selector

The channel selector is to be able to set 16 channels. This isttha¢ve are using -bit
identification of the sent packages. A pair of buddy Tracker units will have the same
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channel set. The easiest way of implementing this would be by assigning a dipswitch with
four switches that represents the channels in binary, @ddeh then would occupy four

inputs on the MCU. The drawback of this method is that it is not that user friendly. We
could apply 16 dipswitches but then we would end up occupying 16 inputs of the MCU.
This is not necessary a bad idea because microdensroften come with great number of
assignable inputs and outputs [36]. However, the problem would be to fit the dipswitches
into the casing [29]. A more expensive but yet user friendly approach would be to replace
the binary dipswitch with a rotationabde switch as that seenkigure27.

Figure 27: Coded switch for drcuit boards by Hartmann. [29]

A more elegant but yet m® power consuming, and more expensive alternative would be

to implement multiplexing of the channels [9]. This approach would only be justified for
systems with lot more channels than our 16. A less orthodox way of solving the problem
would be to instalh potentiometer with fixed steps and connect it to a single&iverter

input of the MCU [29] [36]. The variable voltage level produced by the potentiometer
would then be mapped to predetermined channel gaps and then assigned a channel numt
However, ptentiometers of this type are presumed to be expensive, and therefore the
binary approach with the dipswitches seems to be the most cost efficient way of solving
the problenmand itoccupiesonly four inputs to the MCU.

57.2 Alarm distance

In sectiod.2 *'LVWDQFH (YDOXDWLRQ™ WKH DODUP GLVWDC
that accounted for changing surrounding properties. To represent thieseel binary,

we will needfour bits. Therefore, the same methods as for the channel selector apply. This
leads to the implementatiar four additional dipswitches.

5.8 Power supply

It would be ideal if we could drive the Buddy Tracker unit directly fiobmttery. At least
when considering power consumption. However, many of the MCUs on the market have
quite stringent supply voltage requirements. For instance, the dspic33fj128gp802 MCU
from Microchip requires 3:3.6V to function [36]. For this, we woulteed some kind of
voltage regulator to stabilize the supply voltage [9].

The choice of supply voltage also depends on the method used to boost the voltage to the
ultrasonic transducer. If we use the method that makes use of s transformer, then it might
beok to use a low battery voltage, providing that the MCU can operate at the low voltage.
However if we go for the alternative of boosting the transducer voltage with a switched
amplifier then we have to either provide the system with a higher battergealtasome
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NLQG RIXEBVAWRHGYHUWHU > @ 7KLV LV WR HQVXUH WKDYV
HQRXJK 3VZLQJ" WR EH DEOH WR ERRVW WKH WUDQVG.

5.9 Encapsulation

The Buddy Tracker systemill be encapsulated in a waterproof aluminum casing.

cylindrical shape with the transducer located in one end, and the user interfaces located in
the other end. The user interfaces will be protected insideriaig sealed waterproof cap

[6]. This will restrict the user from changing settings during the dive. However, by
eliminating the chances of accidental system changes we come ystepraoser to our

aim in constructing a reliable early warning systémaddition we might be forced tuse

an external transducer unit to ensure that there will be no coverage holes in the
WUDQVPLVVLRQ DQG VR WKDW WKH 3/LQH RI VLIKW ™ W
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6 SOFTWARE DESIGN

In thepreviouschapter, we introduced the hardware solution fosglstem, and now we
will present how we intend the system to operate.

6.1 Intended system operation

Before turning the unit on, we will have to set the master/slave switch, the channel and the
distance limit. When we then turn on the system, it will savedtiegs and ignore any
changes to them through the user interface. At the same time, the alarm will start sounding
due to it always being active at start. By being active at start, we get a confirmation of that
the alarm is working and that the battermid emptylmmediatelyafterthatthe unit has
initialized and the alarm has started, the unit, if set to master, will start the process of
measuring the distance to the other unit. The unit that is set to slave will instead start the
process of listeningfter a signal from the other unit, and if successful, respond according
to the information received. If everything works and the distance measuring is successful,
measuring a distance between the units under the limit set, the units will both deactivate
their alarms. If one or both of the units do not deactivate the alarm, this indicates that
something is wrong and the system should not be used any more without inspection and
testing. If both units work as they should we can now begin our dive whiledtesrsy
continues to monitor the distance between us. As soon as the measure results in a distanc
that exceeds the limit, the master unit activates the alarm and continues to measure the
distance as before, while it at the same time tells the slave uctivata its alarm. If any

of the units does not receive a signal from the other unit in a certain time, they are set to
activate the alarm, alerting the divers that something is wrong.

6.2 System flow charts

In the last part, we described how the sys® 8 HUDWHYV IURP WKH XVHU{V
part, we will do an ingoing presentation of the systems operation by using flow charts that
we have made in four levels (shown above the charts), each more specific to a particular
task. These levels will caist of several sub processes that we will present in order of
appearance.

6.2.1 System startup and initialization

We start with the startup process of the system called START, shdviguire28. When

starting up, the process will call a sub process called INIT, showgime29, to initialize

the systemit will set the system channel, if the unit will act as a master or a slave, and the
distance limit, which each are settings that the user made through the user interface befor
he/she powered on the system.
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Figure 28: Top-level flow chart.

When the initialization is complete, the control returns to the top process, which then
checks if the system has been set to operate in master or slave mode and then jumps to ©
of two sub processes accordingly.
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Figure 29: Flowchart of the second level process INIT.

6.2.2 Master and slave operation processes

Depending on which mode the system is set to operate in, the control will jump to one of
the second level sub processes showFignre30 andFigure31. These processes start by
making eventual necessary initializations specific to the mode running. After the extra
initialization, there are differeces in the operation. The process MASTER will give the
control to third level sub process SEND SIGNAL that will start the distance measurement
by sending a request to the slave unit.

When the process has sent the signal, it gives the control back t&ABEER process that
then continues by running the CHECK FOR SIGNAL sub prod¢agsye33. This process
checks for a response from the slave unit. Regardless of if the process acquires a respons
from the slave unit onot, it eventually returns the control to the MASTER process. This
process then runs the sub process CHECK DISTANRZHre37, which determines the
distance between the units. If the distance exceeds the limither irbcess does not
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acquire a response in time, it sets the alarm. However, if the process acquires a response
time and determines a distance within the limited range, it instead resets the alarm.

After the sub process CHECK DISTANCE has completedMASTER process calls its

final sub process ALARMEigure34, which activates or deactivates the alarm depending
on if the alarm bit is set. When the MASTER process have run through all sub processes
that it is supposetb run, it puts the unit to sleep an amount of seconds before the process
runs once again, doing a new measurement.
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Figure 30: Flowchart of the second level process MASTER.

If the unit instead is sebtact as a slave, the SLAVE process will continue after the
initialization by first doing initializations specific to the slave. The process will then hand
over the control to the CHECK FOR SIGNAL sub process, which will check for a request
from the masteunit. Once done, the SLAVE process then runs the sub process ALARM
that checks if the previous process did set the alarm, either by receiving a high alarm bit ir
a request or because of it not receiving a request in time. The ALARM process then
activatesor deactivates the alarm according to the status.

When the sub process ALARM has finished and returned the control to the SLAVE
process, the SLAVE process checks if it should run its final second level sub process to
send a response to the master unitcliti only is supposed to do if it received a request.

If it does send a response, it assumes that the master unit receives the response without ¢
problem, as there was not any when the master did send the request. Because of this
assumption, there is meed to check for a new request from the master unit for some time
and the SLAVE process therefore puts the unit to sleep for a specific amount of time, eque
to the time that the master unit sleeps after a successful measurement. If the unit howevel
did not receive a request, the SLAVE process immediately jumps back to its beginning anc
starts over with the process of checking for a signal.
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The advantage of putting the unit to sleep after it has sent a response to the master unit is
that it will consumedss power, while a continues loop of the program without letting it
sleep would drain more power from the power sourceyesult ina shorter operation

time which would inflict on the security. The fact that the slave unit will sleep without
knowing if the master unit has received the response also inflicts on the security of the
system, but only for a short time, the sleep time. After the slave unit has slept, it will not
sleep again until it correctly receives a new request from the master. If iettanas a

signal from the master with the alarm status set due to that the master did not receive the
response from the slave, the slave will activate its alarm. This leads to a slight delay befor:
the slave activates the alarm, but the slave still aesviatand we think that it is much

better than that the slave unit drains all of its power, which could lead to the alarm not
being able to sound at all.
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Figure 31: Flowchart of the second level proc&isAVE.

6.2.3 Level three processes

The third level of processes consists of all sub processes called by the processes in level
two. These third level processes are SEND SIGNAL, CHECK FOR SIGNAL and
ALARM.
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Figure 32: Flowchart of the third level process SEND SIGNAL.

The process SEND SIGNAL, shownhigure32, is responsible for sending the ultrasonic
signal consisting of the four synchronization bits, the channel codalattme status and

the parity bit. When this process runs, it first starts with calculating the parity and sets that
bit in the signal. It then continues by sending the signal, one bit at a time followed by a
guard slot, until it has sent the whole signdteAthe process has sent the signal, it starts
the timer if the unit runs in master mode. It then jumps back to the previous process.
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Figure 33: Flowchart of the third level process CHECK FOR SIGNAL.

In the process CHECK FOR SIGNAEjgure33, the unit, as the name says, will check for

a signal. The process begins by starting the timer if the unit runs in slave mode. If run in
master mode, the timer should alre&#yrunning. The process then continues by running
one of its own sub processes, DETECT SIGNBigure35, which will try to detect an
incoming signal. If detected, the CHECK FOR SIGNAL process will then start progessin
the signal by handing over the control to its other sub process, PROCESS SIEiE,

36, which determines if the unit receives the signal correctly and if the signal contains the
right channel code. If the PROCESS85NAL process determines that it did not receive

the signal correctly, or if the DETECT SIGNAL process did not detect a signal at all, the
CHECK FOR SIGNAL process will start over with trying to detect an incoming signal
again, as long as it has not takeo much time. If too much time has passed while trying

to receive a signal, the process will set the alarm and jump back to the previous process.
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Figure 34: Flowchart of the third level process ALARM.

The third and last process of the third level is the ALARM prodégsire34. This process
is very simple. When running, this process activates or deactivates the alarm depending o
the alarms status, after whichumps back to the second level process.

6.2.4 Fourth and fifth level processes

In the fourth process level, we have three very important processes that handle the signal
reception in the units and provide the system with the basic functionality. These processes
are DETECT SIGNAL, PROCESS SIGNAL and CHECK DISTANCE.
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Figure 35: Flowchart of the fourth level process DETECT SIGNAL.

"(7(&7 6,*13$/Kigure3d5, function is to tryto identify an incoming signal. When the
unit runs this process, the process first tries to detect a potential incoming signal. If
detected, the process then continues with trying to synchronize with the signal. If it
succeeds, it will set the result toteleted, while a failure in any of the steps of the process
results in a result set to not detected. Regardless of the outcome, the process then returns
control to the previous process.
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Figure 36. Flowchat of the fourth level process PROCESS SIGNAL.

After the DETECT SIGNAL process has synchronized with the signal, the unit needs to
receive the rest of the signal that contains the channel code, the alarm status and the pari
To do this, the CHECK FOR SNAL process runs the fourth level process PROCESS
SIGNAL, Figure36. In this process the rest of the signal after the synchronization bits, the
data, is processed. This process does this by checking each bit (egqeguitshbit) and

then calculates a parity bit that it compares with the received parity bit. If they conform,
the process then checks the channel code. If correct, it then sets the signal as correct and
returns the control to the previous process. Ity or the channel code does not

conform, the signals will be set as incorrect before returning the control.
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Figure 37: Flowchart of the fourth level process CHECK DISTANCE.

The last process of theuth level is the process that handles the function that the entire
system means to accomplish, the distance determination. This process is CHECK

DISTANCE, Figure37, and is very simple. It checks if the timer has pdgke limit set by
the user or not, and then sets the status of the alarm accordingly.
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6.2.5 Fifth level processes

This level is the last level and contains only one process, the BIT DETECTION process,
Figure38. The funtion that this process provides is to be able to detect if an incoming bit
is high or low. The process accomplish this by analyzing as many samples as possible
during the duration of the bit and counts how many of the samples that is higher than a
threshotl specified. If the process counts enough samples with a value higher than the
threshold, it considers the bit high; else, it considers the bit low. The process then makes
the result available for the previous process before returning control to it.
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Figure 38: Flowchart of the fifth level process BIT DETECTION.
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7 CONCLUSION

We are confident that the suggested system in this report will provide the means necessar
to construct a cheap and simple, but yet robust tracking system to overcome the problem «
getting divers separated from each other. The two initial problems dbgegthe buddy
tracker system lay in the method of measuring the distance between the two units, and als
how we would overcome the harsh environment of underwater communication.

By utilizing microcontrollerswe gain control over the distance measurement technique.
However, in order to tame the harsh environment of underwater acoustics we had to make
use of the digital pulse code modulation (PCM) in combination witbfbkeying (OOK)

to transmit the informé&dn in burst mode transmissions. Furthermore, we had to implement
guard slot to avoid inter symbol interference (ISI), caused by multipath propagations in
extremely shallow waters. This however, severely limits the throughput of the system.
Luckily, our denand on throughput is not that high. And a bit rate of approximately

50bit/s, as seen for the PCM system in sed@i@2 will satisfy our needs.

The aim of making a simple, cost effective, low power system ruled out many possible
hardware solutions and left us to choose a microcontroller with many peripheral units in
order to minimize the external part count. The most power consuming part oitthasi

to be the transmitter side, switched amplifier. When looking at the receiver side, we
managed to omit some pulse conditioning block sets by implementing software in order to
interpret and decide whether or not the incoming signal wasregs#setation or not.

The flowcharts of this project provide a basis for programming of the buddy tracker
system. They are designed to function with multiple units, although problems might occur
when the used frequency gets crowded by several buddy trackefTimeitsolution for this
problem is left for further investigation. However, a possible solution would be to
introduce a channdlllocation routine that assign units transmission slots based on their
current channel settings. It might be possible to tiefthistion together with the
synchronization procedure.

7.1 Sugestion for realisation of the buddytracker system

Followingis a brief conclusiorf our suggested solutions that we have chosen to realize
the systenwith.

Hardware:

x Power £3,6V Li-ion battey and stepup converter.

MCU =*Microchip 16bit dsPICFJ128GP802 with A/D & D/A converter. Also
possible to configure I/@ins.

TransducerzA single ultrasonic narrowband transducer for Tx and Rx.
Receiver+Fixed gain amplifier, envelope detector/tage limiter.

Transmitter +Class-D amplifierand filter.

Alarm unit xDrive circuit, buzzer and flashing LEDs.

User interfacetSwitches for On/Off, channel, distance and master/slave.
EncapsulationtWaterproof aluminum cylinder.

X

X X X X X X
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Other:

X Transmissionignal tPulse code modulated signal with onfkéfying and guard
slots.

x Software tAssembly code with total control of the programecution according to
the flowcharts in chaptes.2

x Package+10-bits containing synchronization, channel ID, alarm and parity bits
(seeFigurel?2).

7.2 Further work

The process of developing the Buddy tracker system fsoiar over. However, by doing

this project we now have a good basis to start from when entering the next phase of the
project. This will include system prototyping and testing, so that we can confirm the
function of the prompted solutions in this projedteTmulti channel properties of the

buddy tracker unit will need some more attention in order to make system operation more
robust. Further development would also aim in minimizing the external part count and
thereby transferring even more of the signaktpsesing to the MCU. Implementation of
further functionalities such as indicators for low battery, and distance indication is close at
hand.
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8 FINAL WORDS

During our work with this project, we have improved our knowledgeterdisciplinary
technologies withthe means of connecting them for a common goal, to develop a reliable

and cheap system to aid recreational divers in their struggle of not drifting away from each
other.



Karlstad University 300 X G G\ 7 Udd Ediyvarning 56(57)

Electronic Engineering system for recreational divers
20100812

9 BIBLIOGRAPHY

9.1 Printed

[1] D. Richardson = PADI Open Water Diver Manual 2006 edition Books/Cole
Publishing Company, 1999, Chap 8,13,14,15,16

[2] R.S.H.Istepanian, M.StojanoyiE8 QGHUZDWHU $FRXVWLF 'LJLWDO
& RPPXQLFDW L Kowe\Acadenrd/Publishers, 2002

[3] L.Bengtsson3(OHNWULVND PIWV\VW RBPedrierK SRIehHittéMR,G H U~
2003

[4] P.H.Young,3(OHFWURQLF &RPPXQ L, Ffih\aditienQ P&arsbriKRpdniick H V
Hall, 2004

[5] J.Geier,3: LUHOHVYV 6\VWHP $UFKLWHFWCstoHPressRz004LUHOH

9.2 Internet

[6] Desert Star Systemisttp://www.desertstar.comAcc (20L0-04-29)

[7] RJIEInternational http://www.rjeint.com/ Acc (201604-29)

[8] Applied Acousticshttp://www.appliedacastics.com/Acc (201004-29)

[9] Wikipedia,http://en.wikipedia.org/Acc (201606-04)

[10] An Ultrasonic Communication System for Biotelemetry in Extremely Shallow
Waters http://www.cesr.ncsu.edu/agdean/Papers/wuwl-pa@sons.pdfAcc (2010
06-04)

[11] Atmel Corporationhttp://www.atmel.com/Acc (201606-04)

[12] MicrocontrollerBased Underwater Acoustic ECG Telemedgstem,
http://momed.king.ac.uk/papers/TITBmicro.péicc (201006-04)

[13] Intel 87C51/80C51BH/80C31BH CHMOS SINGLEHIP 8BIT
MICROCONTROLLER
http://www.datasheetcatalog.org/datasheet/Intel/mXqzvzzAuif (201006-04)

[14] WHOI Micro-Modem: An Acoustic Communications and Navigation System for
Multiple Platforms http://www.cs.umass.edu/~partan/papers/Micromodem_2005.pdf
Acc (2010606-04)

[15] Underwater Radio Communicatiamtp://www.gsl.net/vk5br/UwigrComms.htm
Acc (2010606-04)

[16] Calculation of absorption of sound in seawater,
http://resource.npl.co.uk/acoustics/techguides/seaabsorpiicn(201006-04)

[17] M. Fowler, 2009, 7KH 'RSSOHU (IIHFW”~
http://galileo.phys.virginia.edu/classes/152.mfli.spring02/DopplerEffect Atim
(201006-04)

[18] A.G.Saremi,*$ 3UDFW LFanQIuégefROWUDVRQLF,PAOR,Z OHWHU"
http://epubl.ltu.se/1658187/2008/102/LTLPB-EX-08102SE.pdf Acc (201606
04)

[19] G.McRobbie, P.MarifFranch, S.Cochrané, % HD P & KD U D F Wrkkoricv W L FV
7TUDQVGXFHUV IRU 8QGH20@BDWHU ODULQH 8VH’
http://cds.comsol.com/access/dl/papers/1508/McRobbiedodf(201605-18)

[20] Encyclopedia Britannicaittp://www.britannica.com/Acc (2016005-18)



http://www.desertstar.com/
http://www.rjeint.com/
http://www.appliedacoustics.com/
http://en.wikipedia.org/
http://www.cesr.ncsu.edu/agdean/Papers/wuw1269s-parsons.pdf
http://www.atmel.com/
http://momed.king.ac.uk/papers/TITBmicro.pdf
http://www.datasheetcatalog.org/datasheet/Intel/mXqzvzz.pdf
http://www.cs.umass.edu/~partan/papers/Micromodem_2005.pdf
http://www.qsl.net/vk5br/UwaterComms.htm
http://resource.npl.co.uk/acoustics/techguides/seaabsorption/
http://galileo.phys.virginia.edu/classes/152.mf1i.spring02/DopplerEffect.htm
http://epubl.ltu.se/1653-0187/2008/102/LTU-PB-EX-08102-SE.pdf
http://cds.comsol.com/access/dl/papers/1508/McRobbie.pdf
http://www.britannica.com/

Karlstad University 300 X G G\ 7 Udd Ediyvarning 57(57)
Electronic Engineering system for recreational divers
20100812

[21] The Mathworks,2 % D-QIGPLWHG :KLWH 1RLVH’
http://www.mathworks.com/access/helpdeskgtoolbox/simulink/siref/bandlimited
whitenoise.htmlAcc (201006-04)

[22] FSK, http://www.topbits.com/fsk.htmlAcc (201606-04)

[23] J.Anthes,322. $6. DQG )6. ORGXODWLRQ LQ WKH 3UHVH(
http://www.rfm.com/corp/appdata/ook.pdfcc (2016004-21)

[24] The speed of sound in sea watdtp://www.akin.ru/spravka eng/s_i_svel_e.htm
Acc (201605-03)

[25] Temperature of Ocean Water,
http://www.windows2universe.org/earth/Water/temp.htAdc (201605-03)

[26] About the Salton Seattp://www.saltonsea.ca.gov/thesea.hfmc (2016005-03)

[27] ThinkQuest: Pressure & Buoyandytp://library.thinkquest.org/28170/32.htrdlcc
(201005-03)

[28] Farnell;http://www.farnell.com/Acc (201606-04)

[29] ELFA, http://www.elfa.se/Acc (201606-04)

[30] H.Matsumoto, S.Nieukirk, M.Fowler, J.Haxel, S.Heimlich, D.K.Mellinger, R.Dziak,
C.G.Fox,36RXQG LQ WK#n&EKBHUEtBQEN ZLWK 123$% 9(176 &
ftp://ftp.pmel.noaa.gov/newport/mellinger/papers/MatsumotoEtAIO3
SoundInTheSe&atAcademyOceans03.pdfAcc (201606-04)

[31] TALtech: Introduction to Serial Communications,
http://www.rs232software.com/TALtech_web/resources/isttditm| Acc (2016006
04)

[32] W.Sandqyvist,® 3 D U L, itpiXdww.ict.kth.se/courses/IL131V/paritet/index.htAtc
(201006-04)

[33] Passive sonar equations,
http://www.radn.navy.mil/Users/physics/ejtuchol/Chapter9, gafc (201006-04)

[34] Active Sonar equations,
http://www.nadn.navy.mil/Users/physics/ejtuchol/Chapterl6.Adé (201606-04)

[35] Sound pessure level depending on the distance,
http://www.sengpielaudio.com/calculatdistance.htmAcc (2016006-04)

[36] Microchip Technology Inchttp://www.microchip.com/Acc (201006-04)

[37] Microchip Technology Inc.3D/A Conversion Using PWM andZR Ladders to
Generate Sine and DTMF Waveforims
http://ww1.microchip.com/downkhds/en/AppNotes/00655a.pdicc (2016006-04)

[38] National Semiconductor Corporatiof/ 0 7TRQH '"HFRGHU”’
http://www.national.com/pf/LM/LM567.htmlAcc (201006-04)

[39] Texas Instruments706 9& J)LBRRGQW 'LJLWDO 6LJQDO 3U
http://focus.ti.com/lit/ds/sprs095p/sprs095p,paiEc (2016006-04)



http://www.mathworks.com/access/helpdesk/help/toolbox/simulink/slref/bandlimitedwhitenoise.html
http://www.mathworks.com/access/helpdesk/help/toolbox/simulink/slref/bandlimitedwhitenoise.html
http://www.topbits.com/fsk.html
http://www.rfm.com/corp/appdata/ook.pdf
http://www.akin.ru/spravka_eng/s_i_svel_e.htm
http://www.windows2universe.org/earth/Water/temp.html
http://www.saltonsea.ca.gov/thesea.htm
http://library.thinkquest.org/28170/32.html
http://www.farnell.com/
http://www.elfa.se/
ftp://ftp.pmel.noaa.gov/newport/mellinger/papers/MatsumotoEtAl03-SoundInTheSea-SatAcademy-Oceans03.pdf
ftp://ftp.pmel.noaa.gov/newport/mellinger/papers/MatsumotoEtAl03-SoundInTheSea-SatAcademy-Oceans03.pdf
http://www.rs232software.com/TALtech_web/resources/intro-sc.html
http://www.ict.kth.se/courses/IL131V/paritet/index.htm
http://www.nadn.navy.mil/Users/physics/ejtuchol/Chapter9.pdf
http://www.nadn.navy.mil/Users/physics/ejtuchol/Chapter16.pdf
http://www.sengpielaudio.com/calculator-distance.htm
http://www.microchip.com/
http://ww1.microchip.com/downloads/en/AppNotes/00655a.pdf
http://www.national.com/pf/LM/LM567.html
http://focus.ti.com/lit/ds/sprs095p/sprs095p.pdf
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APPENDIX 1: ABSORPTION COEFFICIENTS FOR SOUND WAVES IN WATER

Table Alshows absorption coefficients for different sound fregies. The data is

calculated according to the Francois and Garrison algorithm from 1982 and with the
IROORZLQJ FRQGLWLRQV DSSOLHG 7HPSHUDWXUH h
8pH.

Table Al: Sound absorption vs. frequency. Data is calculated fo? HPSHUDW XUH "& 'HSW
Salinity 35ppt, Acidity 8pH [http://resource.npl.co.uk/acoustics/techguides/seaabsorption/]
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In Figure Alwe see how the absorption changes with increasing frequency. The change
attenuates with higher frequencies.
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Figure Al: Sound absorption vs. frequency 24500 kHz.



