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Chapter 1 Introduction

Autonomous Underwater Vehicles (AUVs) are developed by DISAL! in
the purpose of gathering environmental data in water bodies. The AUVs
are equipped with a suite of sensors that measure various parameters eg.
temperature, a concentration of various substances and turbidity. Multiple
AUVs have to collaborate in order to localise and gather data more effi-
ciently, therefore a proper communication between the AUVs is required.
Since electromagnetic waves do not propagate in water, communication and
localisation is a challenge. The AUVs have to periodically surface to receive
a Global Navigation Satellite System (GNSS) update or to communicate
with the base station.

Acoustic waves are a suitable alternative to electromagnetic waves for
wireless underwater communication as they can achieve long ranges [Coa90].
However, communication-based on acoustic waves brings many challenges,
such as frequency-dependent attenuation, multipath propagation and low
speed of sound. As the result, underwater wireless communication based on
acoustic waves has limited bandwidth and cause a signal dispersion in time
and frequency [SP09]. Despite all those limitations, acoustic waves are the
most promising solution for underwater communication. [JGWul5]

Taking it into consideration, DISAL developed hardware support for
acoustic underwater communication. It consists of a custom built trans-
ducer, receiver and PCB with AVR 32bit microcontroller AT32 UC3C2512C?
dedicated to signal processing. Therefore, the goal of this project was to
study and explore possible solutions for underwater acoustic signal modula-
tion and demodulation, simulate it, implement it to the microcontroller and
measure the potential of the given hardware.

In Chapter 2 a basic background about communication will be described.
Modulation and demodulation methods will be examined by putting the
latest and the most common methods for underwater communication into
the focus. The goal is to describe the advantages and disadvantages of each
approach and to discover the best method for the required use-case.

The project consists of a few stages. In the first, a simple simulator is

!Distributed Intelligent Systems and Algorithms Laboratory at EPFL
2Datasheet of AVR AT32 UC3C2512C is available at
http://wwl.microchip.com/downloads/en/DeviceDoc/doc32117.pdf



built in order to simulate a signal propagation through the water and in the
simulator different modulation and demodulation strategies are evaluated.
Therefore, in Chapter 3 a simulator will be described and how it helped to
evaluate different modulation methods.

In the second stage, modulator, as a less complex component, is imple-
mented in the microcontroller. And in the receiving side, the demodulator,
from the simulator, is used to decode signal to corresponding data. This
provides us with closely real data (transducer and receiver are located in
a bucket of water) from hardware. In the final stage, the demodulator is
implemented in the microcontroller and measurements are performed. By
decoupling the project into multiple stages it enables us faster testing and
it gave us a better understanding of the system. Both, modulator and de-
modulator, will be described in Chapter 4.

Performance of the implementation will be evaluated in Chapter 5. Based
on the results and experience further research proposal will be given in Chap-
ter 6.



Chapter 2  Background

Underwater acoustic communication has a growing trend in the past
decades in research, as well as in engineering. It is lead by demand in
commercial and military sector for real-time communication for submarines
and autonomous underwater vehicles. All those applications require the
development of a robust, fast and reliable underwater communication.

2.1 Communication Mediums

The acoustic waves are not the only medium for underwater communi-
cation. Before proceeding to the next section, it is important to compare
acoustic waves to alternative mediums of communication.

2.1.1 Radio Waves

Radio waves are a widely used medium for real-time communication.
Communication devices based on radio waves offer a robust, reliable and
high-speed exchange of data. Unfortunately, radio waves don’t propagate
over long distance underwater.

Radio waves of lower frequencies, around 40 Hz - 300 Hz, can travel long
distances through the water but it requires huge antennae and high trans-
mitter powers. [Coa90] On the other hand, radio waves of 10kHz can prop-
agate the water only a few meters. [CWD™'10] This makes a wide variety of
communication modules, based on radio waves (such as Wi-Fi which uses
2.4GHz or 5.8 GHz radio bands), unusable for the most applications that
require underwater wireless communication.

2.1.2 Optical Waves

One more medium for underwater communication, that is experimented
with, are optical waves. Optical waves can propagate through the blue-green
region quite good, but they are limited to a few hundred meters and they
are affected by scattering. Depending on the type of source it can power be
inefficient. Laser beams are power efficient but they require a high precision
whereas diodes are high energy consumers. [FGST05a]
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2.1.3 Acoustic Waves

Acoustic waves can propagate through the water many kilometres, up
to hundreds of kilometres by using low frequencies. A power consumption
of modules for underwater communication that use acoustic waves is also
quite low. [FGST05b]

Frequencies and Distances

A distance that acoustic waves can carry a signal depends on a frequency
and power of transducer. Therefore, it very important to provide an accurate
dependency between of signal loss, distance and frequency.

In Milica’s paper ”Underwater acoustic communication channels: Prop-
agation models and statistical characterization” this dependency is well de-
scribed (Figure 2.1).

60 I I T T T T T
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40 .

30 .

20

Absorption coefficient (dB/km)
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0 1 1 1 1 1 1 | 1 1
0 20 40 60 80 100 120 140 160 180 200

Frequency (kHz)

Figure 2.1: Absorption coefficient [SP09]

The results on ordinate (from Figure 2.1) are obtained according to:

A(lL f) = U/1)F x a(f) (2.1)

where f is the signal frequency, [ transmission distance, [, reference point
and k& modes a spreading loss.

The signal loss at lower frequencies, around 30 kHz that many conven-
tional underwater modems use, is significantly lower than at higher frequen-
cies (eg. 200kHz).
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Speed of Acoustic Waves

A speed of acoustic waves in the water is about 1500m/s, depending
on temperature, salt and other parameters. [CM77] It is very slow com-
paring to the speed of radio waves which travel at speed of light (cjgnt =
299,792,458 m/s), about 200,000 times slower. It makes acoustic waves sen-
sitive to Doppler effect and scattering, which challenges engineers to use it
as a medium for underwater communications.

To put this into the perspective, let’s say we have the underwater vehicle
moving 54km /h and transmitting acoustic waves. Frequency shift would be
around 1% relative to a stationary receiver. It also means that a signal will
be shifted about 10ms after the vehicle has moved towards referent receiver
for 1s.

As the signal is slow, echoes can put an additional challenge to engineers.
If the obstacles are only 100m away the echo can appear after about 130ms.
That makes hard to differentiate old and new signal.

2.2 Modulation

Modulation is a process of changing one or more parameters of a sig-
nal in order to encode information. A device used for modulation is called
modulator. It transmits a signal through some medium (eg. water) and de-
modulator extracts information from the observed signal in a process called
demodulation.

Typical properties of signal that are used for modulation are ampli-
tude, frequency and phase. For underwater applications, those are most
often frequency and phase. As we will be talking about digital systems, the
most often used modulation methods for acoustic underwater communica-
tions are PSK, FSK and QAM. [APMO05] Variation and the combination of
these methods are also possible and it potentially can increase the quality
of communication.
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Type Year | Rate [kbps] | Band [kHz] | Range [km]

FSK 1984 | 1.2 5 3 (shallow water)

PSK 1989 | 500 125 0.06 (deep water)

FSK 1991 | 1.25 10 2 (deep water)

PSK 1993 | 0.3-0.5 0.3-1 200 (deep water) — 90 (shallow water)
PSK 1994 | 0.02 20 0.9s

FSK 1997 | 0.6-2.4 5 10 (deep water) — 5 (shallow water)
DPSK 1997 | 20 10 1d

PSK 1998 | 1.67-6.7 2-10 4 (deep water) — 2 (shallow water)
16-QAM | 2001 | 40 10 0.3 (shallow water)

Table 2.1: Overview of underwater modulation methods during period of
1984-2001 [APMO5]

Type Rate [kbps] | Band [kHz] | Range [km]

FSK 1.2 5 3 (shallow water)

PSK 500 125 0.06 (deep water)

FSK 1.25 10 2 (deep water)

PSK 0.3-0.5 0.3-1 200 (deep water) — 90 (shallow water)
PSK 0.02 20 0.9s

FSK 0.6-2.4 5 10 (deep water) — 5 (shallow water)
DPSK 20 10 1d

PSK 1.67-6.7 2-10 4 (deep water) — 2 (shallow water)
16-QAM | 40 10 0.3 (shallow water)

Table 2.2: Overview of underwater modulation methods [APMO5]

In the table 2.2 there is a trend acquiring PSK over FSK as of the late

90s.

2.2.1 Phase-shift Keying

Phase-shift keying (PSK) modules a signal by shifting its phase.

10
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Figure 2.2: Example of PSK modulation. Blue line is a modulated signal,
red line is a digital signal that has to be modulated and dashed grey line
would be a signal if there is no PSK applied.

In the Figure 2.2 an example of PSK is presented. It shifts a phase
of the signal for 7 radians if 717 has to be modulated and for 0 radians
otherwise. PSK can use smaller phase shift in order to increase the speed of
data transfer.

The signal from Figure 2.2 can be described by a simplified equation 2.2

sp(t) = cos(2m fot + (1 —n)) (2.2)

Where, f. is carrier frequency and n is a digital value (”0” or ”1”) that we
want to modulate.

2.2.2 Quadrature Amplitude Modulation

Quadrature amplitude modulation (QAM) modulates a signal by the
alternating amplitude of two carrier waves. The two carrier waves are the
same frequencies with a phase shift of 7/2 radians.

QAM modulated signal can be formulated as of equation 5.1.

s(t) = cos(2m fet)I(t) + cos(2m fot + w/2)Q(t) (2.3)

Where I(t) and Q(t) are values we want to modulate.

Demodulation of QAM generated signal is by multiplying the signal by
cosine (equation 2.4) and then applying a low-pass filter. All except I(t)
component will cancelled and modulate I(t) can be extracted.

r(t) = s(t)cos(2n f.t) (2.4)

11
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A similar approach can be applied for extracting @Q(t) component by
multiplying signal by sinus (equation 2.5).
r(t) = s(t)sin(2w fet) (2.5)

By plotting I and QQ components the following graph can be obtained
(Figure 2.3).

3,,
1011 1001 0010 0011
) e 2+ ® )
1010 1000 0000 0001
] (] 1+ ] ]
3 —2 1 1 2 3
1101 1100 0100 0110
o e —1 | ] ]
1111 1110 0101 0111
] o —2 ] ]
_3 1

Figure 2.3: 16-QAM (4 bits per symbol)

2.2.3 Frequency-shift Keying

Frequency-shift keying (FSK) acquires a frequency of the signal in order
to modulate a digital signal. It simply alternates a frequency in defined time
frames depending on digital value.

12
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Figure 2.4: Like in the plot 2.2, blue line represents a signal in time domain
and red line corresponding digital values

In the plot above 2.4, an example of FSK is presented. It uses two fre-

quencies (BFSK) to modulate a signal. Demodulation is done by performing
a Fourier transformation on predefined time windows.

13



Chapter 3  Simulation

In order to evaluate different modulation methods with, different param-
eters, a simple simulator is created. It aims to model a constrains of the
given physical device as well as a noise in the water.

data

Modulator

signal

Water

distorted signal

Demodulator

data

Figure 3.1: Available modules in the simulator and it’s interconnections

As shown in the Figure 3.1, the simulator provides lightweight building
blocks for modulation, demodulation and a model of the water.
3.1 Modulator

Modulator supports FSK (BFSK, QFSK and 8-FSK) and PSK modula-
tion. Configurable parameters of FSK modulator are:

e fs — sample frequency (fs),

e symbol_length — length of a single symbol (75),

14
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e constilation_schema — number of bits per symbol (eg. BFSK, QFSK
and 8-FSK),

e pause_after_symbol — pause after symbol and
¢ frequency _range — frequency range that can be used.

Based on a given frequency range and constellation schema the modula-
tor will automatically pick the most suitable frequency carriers by spreading
evenly across the given spectre. Pause after a symbol is implement in order
to avoid interference of a signal with echoes at a receiving side.

4,

Amplitude
(e}
|

-2
—4 T T T T T T
0 10 20 30 40 50 60
Time [n sample]
0.4 -
. 0.3
<
I=
0 0.2
=
0.1+
0 |
T T T T T T T
0 1 2 3 4 ) 6
Frequency [Hz| 104

Figure 3.2: Sample output from modulator
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In the Figure 3.2 a low sample rate is used, close to the Nyquist criterion,
which gives sharp waves in the time domain.

3.2

Water

In order to simulate disturbances of the signal, water is modelled. It
introduces a white noise, as well as echoes, to the signal which is passed
through the model.

The following parameters of the water model are available:

noise_mean — mean value of added white noise,
noise_standard_deviation — standard deviation of the white noise,

echo_multiplication_factor — weakening of echoes are described by
this parameter which suppose to be less than 1,

echo_delay — time needed of the signal to debounce of an obstacle is
described by this value and

echo_max_n — maximal number of repetitions of the same echo is
limited by this parameter.

An example of output (in time and frequency domain) from a water
module is given by Figure 3.3.

16
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Amplitude

Magnitude

Frequency [Hz] .10%

Figure 3.3: Signal from Figure 3.2 after white noise and echoes are added.
Dashed grey line shows an expected signal if it wasn’t disturbed by water

3.3 Demodulator

The demodulator is the most complex and the most important compo-
nent in the simulator. It uses FSK in order to demodulate a signal. The
following parameters are configurable:

e fs — sample frequency (fs),

e symbol_length — length of a single symbol (75),

17
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e constilation_schema — number of bits per symbol (eg. BFSK, QFSK
and 8-FSK),

e pause_after_symbol — pause after symbol,
¢ frequency_range — frequency range that can be used and

e frequency_deviation — maximal allowed deviation from the carrier
frequencies.

In order to demodulate the signal the following algorithm is applied:

Algorithm 1 Demodulator

1: procedure DEMODULATE

2 repeat

3 signal < ReadSignal()

4 frequencies < FFT(signal)

5: if HasCarrier Frequency(frequencies) then
6

7

8

9

frequencies « Filter ByT hreshold( frequencies)
carrier Frequencies < FindSimilarToCarriers(frequencies)
symbol < DecodeFrequencies(carrier Frequencies)
end if
10: until end of simulation
11: end procedure

18



Chapter 4 Implementation

After the simulator is built and different modulation methods and con-
figuration are evaluated, the most suitable approach is implemented to mi-
crocontroller. Implementation of the algorithms is performed in stages as
there were a few challenges that had to be solved, the biggest of which are:

e debugger was not available,

e performance of the microcontroller are limited —limited number of
FFT can be performed,

e communication speed with the microcontroller is limited —visualisation
of all samples is not possible,

e memory management is not handled by programming language and

e integration with existing code base was required.

4.1 Development Environment

Development environment is adapted to fast prototyping (Figure 4.1).
Both microcontrollers, one connected to receiving side and other one con-
nected to transducer, communicates to PC over mavlink protocol 1. [MCG*13]
Mavlink is primarily used to change value of parameters, send sampled signal
to PC and send debug information.

L“MAVLink is a very lightweight messaging protocol for communicating with drones”
- https://mavlink.io/en/

19
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Demodulator and
visualisation
on PC

Visualisation
on PC

- mavlink
mavlink

Mini tank of water

Figure 4.1: Environment for development and testing

In the first stage, demodulation was done in PC in which demodulator
from simulator was used. After the algorithm is evaluated, demodulator is
implemented on microcontroller.

4.2 Modulator

As the given system has highly precise epoch time measurement? and
AUVs have to broadcast a message (unicast is not required) data is modu-
lated and sent in the beginning of a second. This simplifies a communication
as time synchronisation, on receiving and sending side, is done by the given
system.

Initially, data is decoupled into stream of bits and multiple bits are
assigned to symbols. The number of bits assigned to symbol corresponds
to modulation schema, eg. 2 bits for BFSK, 4 bits for QFSK, 8 bits for
8-FSK... A modulated signal is generated by summing all corresponding
carrier frequencies. Check equation 4.1 and algorithm 2.

Smodulated = Z S(fz) (41)

fiC fibiti=1
Generated signal (S;odulated) is then loaded to a buffer in order to make it
accessible to microcontroller’s DAC module. Loading the signal to the buffer

2A precise time measurement is achieved by using PPS (Pulse-Per-Second) interrupt
generated by GPS (Global Positioning System) receiver. Internal clock is acquired for
time measurement between PPS’ or in case of GPS signal loss.

20
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takes about 40 ps for the given microcontroller, therefore the generated signal
is shifted accordingly.

Algorithm 2 Modulator

1: procedure MODULATESYMBOL(symbol)
2 Smodulated < ZETOSA’I“TCLZ/()

3 bits «+ DataToBits(symbol)

4 for ¢in 1,2...length(symbol) do

5: if bits; =1 then
6

7

8
9:

Smodulated <~ Smodulated T Generatesamples(fi)
end if
end for
end procedure

4.3 Demodulator

Demodulator is described by algorithm 1. However, the algorithm had
to be extended and improved in order to work in the microcontroller. The
algorithm is alternated because we had to consider:

e Trigger takes about 150 ps to detect beginning of a symbol (checking
first 512 samples in array).

e FFT of 256 samples takes about 3801ns to calculate a signal in fre-
quency domain.

e Required array shifting and copy new samples to buffer takes around
120 ps.

All those calculations take around 0.65 ms and they are applied on every
256 samples, therefore they have to be considered. On the other hand, as
the microcontroller is configured to sample signal at 160 kHz, 256 samples
are generated in 1.6 ms (1gg555 X 256 x 1000).

21
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Algorithm 3 Extended Demodulator

®

10:
11:
12:
13:
14:
15:
16:

17:
18:
19:
20:
21:

symbolIndex < 0
channelTriggered < False
nextSymbolTime < None
procedure DEMODULATETASK
if SinceLastCheck() > 800ms then
nextSymbolTime < FindStartTime(buf fer) > Trigger
demodulation if a sample is above a threshold
if IsFound(startIndex) then
symbolIndex < 0
channelTriggered < True
end if
end if
if channelTriggered = True then
startIndex = FindIndexFromTime(nextSymbolTime)

Demodulate(signal fromstartIndex) > See Algorithm 1
symbollndex < symbollndex + 1
nextSymbolTime — nextSymbolTime +

SYMBOL_LENGTH + SYMBOL GUARD TIME
end if
if symbolInder = N then > N depends on demodulation schema
channelTriggered < False
end if
end procedure

Algorithm 3 provides optimised demodulation technique for the given

microcontroller. Procedure “DemodulateTask” is executed by scheduler.

Block of Samples Block of Samples Block of Samples Block of Samples
#1 #2 #3 #4 new data

-~~~

Figure 4.2: Adding data to buffer

Buffer of signal samples is given by two figures 4.2 and 4.3. The first

figure 4.2 describes how samples are appended to array. The whole block of
memory is shifted in a left by coping blocks.

22
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Block of Samples
#1

Block of Samples
#2

Block of Samples
#3

Block of Samples
#4

*

looking for trigger

Figure 4.3: Searching for the first symbol

The second figure 4.3 shows that trigger sample, the beginning of a
symbol, is searched from the beginning of buffer. Symbol is consider to be

found if a value of a sample is above given threshold.

23




Chapter 5  Results

5.1 Modulator in MCU and Demodulator in Python

The acquired results are from the first stage of development in which
demodulation is done on PC.

5.1.1 Snapshot of QFSK in Frequency Domain

The goal of the experiment was to measure a error rate of communication
by using a demodulator on PC. The following two figures 5.1 and 5.2 show
a response of a modulated signal in frequency domain.

Parameter Value

Freq“eI};};szir(lzip?;;};czgggcatlon 42kHz (1), 44kHz (1), 46kHz (1), 48 kHz (1)
Sample rate (fs) 100 kHz

Samples per symbol 256

Symbol Guard Samples 2048

Allowed Frequency Deviation 1%

Threshold 300

Symbol Frequency Carrier 39kHz

Table 5.1: Parameters used for the experiment

Parameters from table 5.1 are used for the error rate measurement. In
the experiment 195 (binary 1100 0011) is used as data. The measured success
rate was 149/150 (symbols successfully demodulated / symbols sent).

24
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Sampling rate  100000,00

signal length (us) 2000,00

frequency 20000,00
bandwidth 2000,00
blur 2,00 °
MLS scale 16,00 o
piezo Q 10,00 :
pieza If 33000,00
piezo hf 47000,00
piezo gain 0,06 :
decoder size 16,00 :
Freq Steps 2,00 :

Figure 5.1: Screenshot from Mavue software shows modulate symbol 1100

In the Figure 5.1 a first symbol (1100) in frequency domain is shown.
Beside two carrier frequencies, 42 kHz and 44 kHz, symbol carrier frequency
(39kHz) is also notable.

25
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Sampling rate  100000,00

signal length (us) 2000,00

frequency 20000,00
bandwidth 2000,00
blur 2,00 °
MLS scale 16,00 o
piezo Q 10,00 :
pieza If 33000,00
piezo hf 47000,00
piezo gain 0,06 :
decoder size 16,00 :
Freq Steps 2,00 :

Figure 5.2: Screenshot from Mavue software shows modulate symbol 0011

In next Figure 5.1 a second symbol is also shown (0011) with symbol
carrier frequency (39kHz).

In both figures frequencies closer to (38 kHz) have greater magnitude
because a resonant frequency of transducer is around (38 kHz).

5.2 Modulator and Demodulator in MCU

The following results are acquired by using demodulator implemented
on microcontroller.

5.2.1 Minimal Frequency Difference

In order to maximise usage of the given spectrum it is important to put
as many carrier frequencies as possible in the given spectrum. Therefore,
minimal distance between two frequencies is investigated. The minimal dif-
ference is determined by size of window used by FFT (256 samples in our
use-case), noise and missed samples.

26
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(a) Captured signal of 42.5kHz and(b) Captured signal of 43kHz and 44 kHz

44 kHz on microcontroller on microcontroller

Figure 5.3: Values on abscissa are not scaled, but represent real output from
FFT implemented on microcontroller. There are 128 values as the FFT uses
window of 256 samples.

Minimal distance between two frequencies in perfect conditions:

s
dminimal = N

window _size

(5.1)

if frequencies are chosen by dpinimat X N where N € {1,2,3...}

As in real conditions there is a noise and frequencies can deviate (because
of eg. Doppler effect) a safe distance for our case is about 1.5kHz (see
Figure 5.3). It means that in the available range, 39kHz — 50 kHz, 8 carrier
frequencies can be used, eg. 39kHz, 40.5kHz, 42kHz, 43.5kHz, 45kHz,
46.5kHz, 48 kHz and 49.5 kHz. By using 8 carrier frequencies per symbol, 1
byte would be able to be transmitted through 1 symbol.

Possible way to improve density of frequency carriers is given in chapter
6.

5.2.2 Demodulation Performance

The goal of the following experiment is to measure an error rate of symbol
demodulation for QFSK.

27
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Parameter Value

Frequency carriers with amplification

fo e (ampli fication) 40kHz (1), 42kHz (1), 44kHz (1), 46kHz (1)

Sample rate (fs) 160 kHz
Symbol length 1.6 ms
Symbol Guard length 1.6 ms
Allowed Frequency Deviation 1%
Threshold 300

Table 5.2: Parameters used for testing demodulation performance

Figure 5.4: Signal in frequency domain modulated using the following binary
data 1010 0101 1010 0101

By figure 5.4 are shown 4 successive symbols in frequency domain. As
described in chapter 4 symbols are sent after each PPS interrupt with equal
pauses between each symbol.

28
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Figure 5.5: Two symbols presented in the same plot. By red colour mod-
ulated symbol 1010 (40kHz and 44 kHz) is shown, and symbol 0101 by
yellow colour (42kHz and 46 kHz

During the experiment no error occurred for 152 transferred samples.

5.2.3 Distortion Caused by Water

In the following two figures (Figure 5.6 and 5.7) modulated signal by
water in a bucket is shown.

Figure 5.6: The same signal as in figure 5.4 distorted by water in a bucket

29
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Figure 5.7: The same signal as in figure 5.5 distorted by water in a bucket

The bucket of water is small, therefore there are many echoes bouncing
the water. The figures show a lot of noise in comparison to signal in figures
5.5 and 5.4. However, the noise is not strong enough to significantly disturb
carrier frequencies.

5.2.4 Bitrate

According to parameters used for error rate measurement (Table 5.2)
achieved bitrate is given by Equation 5.2.

Nbits,per,symbol o 4
75symbol,length + tguard,delay 3.2ms

= 1.25kb/s (5.2)

However, it has to be considered that the achieved sequence length is 8
symbols. Therefore, the bitrate can be calculated as of Equation 5.3.

Nsymbols,per,sequeqcz X Nbits,per,symbol _ 2 _ 32()/8 (53)

In experiments (Subsection 5.2.1) it is shown that more frequency carries
can be packed into the same frequency range. Therefore, the communication
speed can be further increased.

30



Chapter 6  Further development

During development I discovered a lot of ways to improve current im-
plementation. Unfortunately, because of time limitation I was not able to
evaluate all approaches.

6.1 Downsampling to Use Wider Spectre

Currently, spectre between around 38 kHz and 50 kHz is used. Usage of
frequencies out of the range is limited by various factors. It means that only
around 25% of spectre is effetely used for demodulation.

By using downsampling technique more frequencies in the targeted range
could be used for demodulation. [Mil09]

6.2 Improvement of Simulator

The simulator was a crucial part during development. Further devel-
opment of the simulator would be very useful for more accurate testing of
various configurations and demodulation methods.

The downsides of the current simulator are:

e It does not consider a resonance frequency of the transducer.

e Even if echos and noise are implemented it still does not faithfully
simulates it.

6.3 Evaluation of QAM
QAM (Quadrature Amplitude Modulation) gives promising results ac-

cording to other research (check table 2.2) Therefore, I believe more focus
should be put into this method.

6.4 Implementation of Data Link

Currently, only a stream of symbols is exchanged between sender and
receiver. There is no validation if data is transported correctly and there
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are no packets.
In a further development a new layer of communication should be intro-
duced with the following features:

e Packetisation. Packing data as well as meta-data to packets.

e Different checksum sizes and different error-correcting codes should be
evaluated.

e In addition, for more general purpose usage, addresses should be as-
signed to nodes.
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Chapter 7  Conclusion

During this project, I have broadened my knowledge in digital signal
processing. I have learned the advantages and disadvantages of different
modulation and demodulation methods used for underwater communication.
Also, I discovered a rising interest in this area of research as well as many
challenges that the researches are facing with.

The implementation is done through a few stages which helped me to
better understand the system as well as to easier recognise side-effects of
acoustic communication (eg. echo or resonance). Simulator enabled me a
much faster evaluation of algorithms and demodulation methods. It signif-
icantly reduced time, as different algorithms didn’t need to be tested on a
microcontroller.

Microcontroller brought various challenges, mostly related to memory
management and processing time. There I learned some techniques on how
to reduce memory usage and processing time, or at the least to postpone
processing when the time is not critical.

The results showed successful communication between devices. However,
more tests have to be performed, in which AUVs (with the acoustic modules)
are moving at different speeds and in different environments. In order to
increase robustness, more modulation and demodulation techniques should
be investigated as suggested in Chapter 6.
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