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Abstract

This report presents the work accomplished during a Semester project at the BIRG
Laboratory of EPFL. This project aims at implementing an underwater optical
communication system between a robot and a surface platform for video transmission.
Firstly we present the fundamental physics of different waves; then we discuss and
compare the pros and cons for adopting different communication carriers (acoustic,
radio and optical) and the final choice in optical communication. To establish an
underwater communication system we develop an optical system, combining the
Manchester modulation with 3 Watt high power light emitting diode, emitting light in
blue part of visible spectrum. This report shows the design and experimental results in
air and underwater.
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Chapter 1

Introduction

1.1 Problem overview

Wireless underwater communication is a challenging task. Most commonly
used methods, which are well established for digital communication in air, do not
work in water.

Conventionally, underwater communications are achieved using an acoustic
method. Acoustic communication is the most versatile and widely used technique in
underwater environments due to the low attenuation of sound in water. This is
especially true in thermally stable, deep-water settings. On the other hand, the use of
acoustic waves in shallow water can be adversely affected by temperature gradients,
surface ambient noise, and multipath propagation due to reflection and refraction. The
much slower speed of acoustic propagation in water, about 1500 m/s, compared with
that of electromagnetic and optical waves, is another limiting factor for efficient
communication and networking.

Available radio modules operate in the GHz range, the attenuation in water for
high frequency radio, especially in electrically more conductive salt water, is
extremely high. A way around this is using ultra low frequency longwave radio, for
which the attenuation is manageable, but the maximum bandwidth is significantly
limited.

Optical communication systems can have shorter ranges because of greater
attenuation of light propagating through water, they may provide higher bandwidth
(up to several hundred Kbps) communications as well as covertness. The
development of high brightness blue LED sources, and laser diodes suggest that high-
speed optical links can be viable for short-range application.

In this project, I review the physical fundamentals and engineering
implementation for efficient underwater communication via optical waves.
Underwater systems have severe power, and size constraints compared to land or air
based systems. The primary focus of the project was to design the full communication
system:

* Transmitter
o Light emitting source
o Signal modulation
o Driver
o Lens

* Receiver
o Light receiver device
o Signal treatment circuit
o Lens

12



The secondary focus of this project was to construct the communication
system and design and obtain experimental results in air and underwater.

1.2 Outline

This report is organized as follows: Chapter 2 presents the optical
communication basic parameters and principles. Chapter 3 shows the basic
components of underwater optical communication. Chapter 4 presents the design and
circuitry of the final design. Chapter 5 shows the experimental results in air and
underwater. Chapter 6 concludes our work. Chapter 7 presents further possible work.
Chapter 8 presents the additional material and the bibliography.
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Chapter 2

Optical communication

In this Chapter we show the optical characteristics, in air and underwater
conditions. The intention of this chapter is provide the theoretical base for analyzing
our final design and be able to develop it thought these parameters.

2.1 Free space optics communication concepts

Free space optics (FSO) is a line-of-sight (LOS) link that utilizes the use of
lasers or light emitting diodes, LEDs, to make optical connections that can
send/receive data information.

FSO has attractive characteristics of dense spatial reuse, low power usage per
transmitted bit, and relatively high bandwidth. LED’s, lasers, photodetectors are
available today cheaply and in large volumes.

The main disadvantage of FSO communication is that the transmission
medium is uncontrolled. The effects of atmospheric distortions, scintillation, weather
and attenuation can only be minimized or compensated by the transmitter/receiver
hardware.

Issues for FSO communications are listed in the Table 2.1

Absorption Gradual loss in intensity of any kind of
flux through a medium due to wavelength
dependent particle absorption in the
medium.

Alignment Issues LOS beams are very narrow which causes
major issues with alignment. Tracking is
required for moving links and even on
some stationary links.

Multi-Path dispersion The path a photon takes is ideally a
straight line, but due to scattering the
photon may be redirect several times
causing the light pulse to spread in time.

Physical Obstructions Living organisms that enter into the
beams path causing dropping of bit or
total loss of connection.

Scattering Light being redirected by particle roughly
same size as than the propagating
wavelength.

Scintillation & Turbulence Variation of the refractive index along the

propagation path caused by temperature
and density variations leading to large
variations in signal strength on the
receiver photodetector

Table 2.1 Issues for FSO communication®
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2.2 Optical water parameters

To consider the design of underwater optical communications systems for
propagation of light in water and the light noise background, we must first develop
two basic light-in-water attenuation parameters.

The first of these is the beam attenuation coefficient, designated by c, which
describes the attenuation of a collimated beam of light.

I, =1,exp(-cz) (Equation 2.1)

where o= the original light irradiance (watts/m?)
I;= the transmitted irradiance

z= the path length.

Initial Irradiance Transmitted Irradiance

»
>

> absorption

»
>

>

B R

S

scattering

Figure 2.1 Illustration of beam attenuation coefficient

This parameter is wavelength dependent with the minimum value in the
optical transmission window of water around 490 nm for clear ocean water and has a
values of ~0.02 m™".

2 7 Key
104 (D Destilled water
. Optics: @ Ocean water
(Norw. sea)
@ North sea (northern).
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14 ® @ Bay water, Trondheim
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Wavelength: optics ~ (um)

Figure 2.2 Spectral attenuation coefficient for optical radiation

The second of the basic light in water attenuation parameters is designated by
K and describes the attenuation of diffuse light.

I, = 1,exp(-Kz) (Equation 2.2)
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where Io= the original light irradiance (watts/m?)
I;= the transmitted irradiance

z= the path length.

NI/

Ocean surface

e | |/

Depth z

Figure 2.3 Illustration of diffuse attenuation coefficient®

This parameter is especially useful for calculating the attenuation of sunlight
in ocean waters for background noise calculations. Values of K are classified
according the so-called Jerlov water types, which range from the clear ocean(O) and
coastal water types(C).

0.8
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0.06

Attenuation coefficient (m)
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A (nm)

Figure 2.4 Jerlov ocean and coastal K spectra’

This parameter is also wavelength dependent with the maximum transmission
shifting from about 490 nm in the blue portion of the spectrum for the clearest ocean
water with a minimum value of K about 0.002 m".
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2.3 Evaluation criterion optical communication

The main parameters in underwater communications are shown in the
evaluation criterion for optical communication: Signal-to-noise (SNR), noise
equivalent power (NEP) and bit rate (BR).

The SNR is defined as the ratio of a signal power to the noise power
corrupting the signal

3K 2 )
SNR = t Ptz 0 64 2 DN(;)[S)(p (Equation 2.3)
an r
-Transmitte
[ Y i 'I\IL />

Figure 2.5 Illustration of SNR equation

This equation assumes the beam pattern of the transmitter is a constant for
angles up to the 3-dB (halfway) point and zero beyond that angle.

The BR is related to SNR

BR = BW log,(1+ SNR) (Equation 2.4)

where BW is the system bandwidth and the other terms are defined as above.

The NEP is given by a summation of several noise terms. The first of these
terms is the ambient light background shot noise. To calculate this noise term we first
calculate the upwelling solar radiance (Lsor)

_ ERL . exp(-KD)

sol

(Equation 2.5)
14

The optical power on the detector is given by

Pznmm@wMMW
< 16

(Equation 2.6)

The NEP of the solar background shot noise is given by

~29SP, BW , F .
(Equation 2.7)

bg _sn = S
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Likewise, the NEP of the signal shot noise is given by

~24SP, BW, F ]
= (Equation 2.8)

R&'ig _sn S

where Py, 1s Optical power of signal.

The NEP of dark current shot noise is given by

P \/(2qldarkGdel2F + 21[dc)BWen
dark _sn =
SGdel

(Equation 2.9)

The NEP of the preamplifier is given by

P L VEWer (Equation 2.10)
=— uation 2.
o=t SG a

det
where I, amp 1s the preamplifier current noise density.

Finally the total NEP is given by

NEPtot = \/Pbg_mz + Pyig_snz +P, ? +P ? (Equation 2.1 1)

dark _sn amp _n

Knowing NEP,., we are able to calculate SNR and BR. In these underwater
optical systems bandwidths of up to several hundred kbps may be achieved.
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2.4 Figure of merit for underwater platform

The use of figure of merit (FOM) for underwater communication has primarily
just focused on:

¢ Power of the transmitter
* L oss of the medium
* Sensitivity of the receiver

FOM_ __ =FOM, - FOM . FOM,, (Equation 2.12)

Favironoens

Firstly the FOM,, is determined by

bit RaneeO
——Range ;
FOM . = S€C 8 AmpHoury,,..,Density ,, ,Mass ..,V olume ... SurfaceArea,,..,,
22 .
Power,, AmpHour,, .. Density, Mass, Volume SurfaceArea,

(Equation 2.13)

ﬁRangeQ
sec
Power,,

constraints of the platform are not considered. Bits per second times range is the
bit rate length product discussed above. Q is the solid angle of the emitter, for
isotropic acoustic system this can be 4x. The Powerrx is the amount of power
that is supplied to the transmitter, thus it is the amount of power that is devoted
to making using optical or acoustic power to send information.

The first term is appropriate if the power and space

AmpHourleformDenszzwaO Masspla[farmVOlumeplatform SurfaceAreapla[farm

The second term

AmpHour, ., Density, Mass; Volume, SurfaceArea,,

express the impact of weight and size of the system on the overall platform.
Where AmpHourspiatform is the number of available Amp Hours in a power-limited
system, Volumepiatform and Surfacepiatform are the available volume and surface
area of the platform. AmpsTxsystem i the total electrical current in amps, including
computational power for signal processing.

Secondly the FOM is determined by

Environ

FoM = f(Wavelength,absorption,scattering,etc...) + Solar _ Background (Equation 2.14)

Environ

This term expressed in dB/m is independent of the physical characteristic of
the transmitter and receiver platforms, but does consider their relative physical
positions in the environment and the impact of water type and time of day (solar
background).

For the optical systems the absorption and scattering model gives the
magnitude of the function f for attenuation-limited systems. The effects of solar
background are dependent on the geometry, but are basically the reduction in SNR
due to shot noise on the receiver.
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Finally the FOMy, is determined by

bitrate - Aperture,,,, | AmpHoury,,,,Density , ,Mass ,...,Volume , . SurfaceArea,,,,
Power,, AmpHoury, .., Density, Mass, Volume, SurfaceAreay,

FOM, =

(Equation 2.15)

The FOM is similar to the transmitter, instead of considering the solid angle of
the emitted beam, the field of view (FOV) of the Aperture is considered. A certain
amount of optical energy per bit is required to have a detectible signal and is

equivalent to the bit-rate divided by the receiver power.
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Chapter 3

Basic components and budgets of underwater
optical communication

In this Chapter we present the basic components of an optical communication
system, the intention of this chapter is to show the temporal line followed during the
project. The first analysis of the communication before the design. The budgets
knowledge is the first step ot design of a communication system.

3.1 Transmitter

The basic components of the underwater optical communication transmitter

are ....................................................................................................................................................................................................
Input
signal
— > >| —
Modulator Driver LED Lens

Platform window

Figure 3.1 Components of underwater communication transmitter

For the transmitter we have the modulator which modulates of the input
signal. This modulation can be software or hardware.

The driver is necessary to transmit the signal to the LED in the right frequency
and amplitude.

Newly developed high power LEDs emit substantial light and are typically
very inexpensive. Currently, LEDS can emit up to several watts of power into an

angle of several tens of degrees.

The lens collimated allow efficiently collimate the light into a determinate
beam with more precision.

The transmitted light beam exits through the platform window into the water.
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3.2 Receiver

The basic components of the underwater optical communication transmitter

Out
signal

Platform window Collector Detector Signal processing Demodulator

Figure 3.2 Components of underwater communication receiver

At the receiver, located on another platform, the beam enters the platform
window after being attenuated by the water medium.

The received light, after the window, going through the collection optics onto
the detector.

The detector is a photodiode, a type of photodetector capable of converting
light into either current or voltage, depending upon the mode of operation. COTS
photodiodes such as avalanche photodiodes (APDs) can be used as detectors, which
can respond to pulses as narrow as several nanoseconds. The photodiode needs to
have a balance between speed and sensitivity.

The signal processing stage takes the current from the photodiode. This is
preamplified by a transimpedance amplifier (TIA). After that, the signal is filtered,

amplified and processed.

The demodulator realizes the demodulation of the input signal. This
modulation can be software or hardware.
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3.3 Underwater optical link budget

After exposin a basic description of an underwater optical communication, we
can show the budgets in this kind of systems. Weather, wavelength of the LED,
distance between emitter and receiver, underwater currents, scattering, attenuation,
absorption, detectors and data rates are just a few of the things that must be
considered.

The main motivation of this project was to build an underwater link model,
after analyzing the different communication types the conclusion was that the optical
communication is the most useful in this case, however, as described above, scattering
and variable optical qualities need be considered. These varying properties change
with time and location which in turn could affect the amount of light lost.

The main optical properties that can influence communication are summarized
in the diagram below.

Figure 3.3 Functional bock diagram of the total attenuation underwater”
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These parameters will be used to construct a power link budget for a theoretical
underwater optical link. Furthermore the optical properties of the water will affect the
performance of the hardware used.

In addition to these optical parameters, the communication systems are
important for building a comprehensive model of the optical system.

Figure 3.4 Block diagram Link Budget®

According to these budgets, in the chapter 4, we will make specific choices for
the components describes in the paragraphs 3.1 and 3.2.
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Chapter 4

Design and circuitry

The basic idea of this project was to create a fast but relatively inexpensive
way to realize an underwater video transmission. There were two parts to the project.
The first part is the system is the electrical circuits including receiver and transmitter.
The second part is the mechanical/optical enclosures that house the lens and copper
boxes containing the receiver and transmitter circuits.

4.1 Transmitter

The main problem, in an optical transmitter design, is the upper frequency at
which the light source can be modulated. Several factors limit it, these include the
time constants (frequency response) of the driving circuitry, the physics of the diode
itself, and the characteristics of the medium. All these factors must be solved through
a summary between modulation, driving and light source.

The final transmitter design for an underwater optical communication is
below.

Video sigral—>
CLE—»| | Modulation|

15| LED Driver || IED

vaa—| | XOR
GND —>

Figure 4.1 Transmitter Block Diagram (Up)-Transmitter final design (down)
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The full circuit diagram and part list are in Appendix A and B respectively.

The signal arrives from the camera FPGA, we consider this signal whit a high
quality so it’s not necessary filter it and amplify it. Before the signal is transmitted is
necessary modulate it by a MM74HC86M XOR Gate with a clock signal and drive it
by stacking seven 74HCO04 ICs. The signal is then ready for transmission via the blue
LED.

4.1.1 Modulation

Optical modulation is one of the keys for realizing such high performance
optical network. Digital communications employing LED as optical carriers generally
having carrier frequencies in the Megahertz range that permit enough high modulation
bandwidths for video transmission.

The optical modulation is used to modulate a beam of light, converting the
electrical signal array into the light signal array and including information into the
signal.

One type of optical modulation categorization, is according to the way of
obtaining the modulation of intensity of a light beam:

* Direct modulation: Modulate the current driving the light source.
* External modulation: Modulation performed by a light modulator.

The easiest way to realize the modulation is direct modulation obviously, but
for high frequency there are problems with

Depending on the parameter of a light beam, which is manipulated, the
modulation may be categorized into:

* Amplitude modulation
* Phase modulation
e Polarization modulation

The first step to choose the right modulation is defining the main
characteristics of our communication. In our project the main reason to use
modulation is lose of signal detection, through the transmitter is in moving always, we
are not going to know if we are receiving a ‘0’ or we lost the signal.

So, after study and analyze the papers [9-10], the conclusion is that we need a
simple modulation to have the maximum efficiency in the transmission. The minimal
number of code data is two, and the most efficiency, easy and useful, as we can see in
a commercial model [11], is Manchester [12].

We propose a modulation based on Manchester coded in order to reduce the
low power optical fluctuation [12], it is possible implement it through Hardware and
because or signal come from a FPGA that could give us the clock signal necessary for
the modulation.
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The data ‘1’ and ‘0’ of Manchester code have ‘10’ and ‘01’ patterns,
respectively, it has less optical power fluctuation than IRZ scheme.

Data Manchester Code
0 01
1 10

Table 4.1 Manchester Codification

The Manchester code is obtained by the combination of the non-return-to zero
(NRZ) data and clock; it can be easily generated with an exclusive OR (XOR) gate.

Data Clock Code signal(D®C)
0 0 0
0 1 1
1 0 1
1 1 0

Table 4.2 System Codification

In our system we use a clock with the double frequency to realize the
modulation and 50% duty cycle.

o) s
il

time
1
DATAIN

0

ENCODED ' '
DATA OUT i
H time

Figure 4.2 System Codification

The design for the modulation is below. To build the design, the commercial
XOR gate chosen was MM74HC86M.

Clock (x2)
XOR Gate
_> Encoding

Figure 4.3 Codification block diagram
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The MM74HC86 EXCLUSIVE OR (XOR) gate utilizes advanced silicon-gate
CMOS technology to achieve operating speeds similar to equivalent LS-TTL gates
while maintaining the low power consumption and high noise immunity characteristic
of standard CMOS integrated circuits. These gates are fully buffered and have a fan-
out of 10 LS-TTL loads. The 74HC logic family is functionally as well as pin out
compatible with the standard 74LS logic family. All inputs are protected from damage
due to static discharge by internal diode clamps to Vcc and ground. The electronic
characteristics are

* Typical propagation delay: 9 ns

* Wide operating voltage range: 2-6V

* Low input current: 1 pA maximum

* Low quiescent current: 20 pA maximum (74 Series)
*  OQutput drive capability: 10 LS-TTL loads

* Package type: SOIC 14

The voltage range is appropriate for our design; in our case we will use 5 V.
The low input current is necessary to have a low power in the transmitter and the
delay is acceptable. The election of SOIC 14 is because all the transmitter was build
in SOIC technology.

4.1.2 LED

The main reason to choose as light source of a LED is because LED is an
omnidirectional light source, and in our communication system the transmitter is in
moving. In our case we will use a high-powered LED. Recently, high-powered LEDs
have been commercialized for applications requiring high efficient.

For the election of the LED we must consider that for optical communication
purpose the following aspects should be considered:

* Optical wavelength

* Optical output power
* Reliability

* Beam parameter

* Luminous flux

Superflux LEDs are a revolutionary, energy efficient and ultra compact new
light source, combining the lifetime and reliability advantages of Light Emitting
Diodes with the brightness of conventional lighting.

20



There are three LED wavelengths that could be considered for underwater
applications, Blue, Cyan and Green

1.0
0.8 4
06 |
0.4 : o= —
0.2

ool LA N AN
400 450 500 550 600 650 700

Wavelength (hm)

il

Relative Spectral Power
Distribution

Figure 4.4 Relative intensity vs. wavelength

The wavelength chosen is blue, because presents a minimal absorption value
underwater.

In many LED applications the characteristics of the output beam are not that
important; however in an optical communications system the ability to collimate a
beam is very important. The Superflux LEDs have a similar setup as a typical LED,
but adding a good lens with the epoxy is possible forming a collimated beam with
minimal distortion.

So, after the election of blue Superflux LED, the next step was to choose the
power. The first design was realized with a 1.6 Watt Superflux LED B32180. Is the
minimal value possible for a transmission, and we can’t forget the emplacement of the
transmitter, an underwater robot, for this reason the electronic power is essential. But
the results weren’t appropriates, because the maximum distance was 2 cm. The
possible development was design a lens system to focus the light, but the transmission
location doesn’t allow locate a big system. For this reason we decided change the
LED to 3Watt Superflux LED with a commercial lens and try develop the lens
system in a future project.

So Finally, the Superflux LED use in the final design was LXHL-PBO09. The
next table shows the different between the final LED and the previous one

Model Power Current | VI | Typical Luminous flux
L. (forward) (Im)
Dissipation (V)
(mA) o,
(W)
B32180 1.6 400 4 11
LXHL-PB09 3 700 3.7 23

Table 4.3 LED comparison
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The bad point is the power dissipation, but in the future we will try developing
the lens system to use a low power one.
So the final election is the LXHL-PB09 LED with the physic characteristics

TOP VIEW BOTTOM VIEW
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Figure 4.5 LED physical descriptions

Finally the complete LED characteristics

Optical Characteristics at 700mA, Junction Temperature, T; = 25°C

Continued
Dominant Wavelength!"! Temperature
AD, Coefficient of Total

Peak Wavelength® AP, Spectral Dominant Included Viewing

or Color Temperature® Half-width®  Wavelength Angle® Angle®
Radiation CCT (nm) (nm/°C) (degrees) (degrees)
Pattern Color Min. Typ. Max. Ay AN/ AT, 60.00v 20 1/2

Blue 460nm  4/0nm 490nm 25 0.04 160 140

Electrical Characteristics at 700mA, Junction Temperature, T; = 25°C

Temperature
Cosfficient of Thermal
Forward Resistance,
Forward Voltage V¢ Dynamic Voltage® Junction
(Y] Resistance® (mV/°C) to Case
Color Min. Typ. Max. (©Q Rp AVE/ AT, (C/W) RO
Blue 3.03 3.70 4.47 0.8 -2.0 13

Table 4.4 LED complete characterizations

According with the thermal indications in the datasheet was necessary include
a dissipater in the design with for thermal dissipation.
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4.1.3 Driver

According to the LED, it is necessary design a high frequency driver with an
output current of 700 mA. There are different possibilities a commercial module or a
custom one.

It’s possible to use a commercial module, the line of 2008 PowerPuck drivers
exhibit very high efficiency and require no external current-limiting resistors or
additional heat sinking. The main characteristics are below

Specifications
Output Current, 2008B-350. . . . ..o vv e iv . 350mA'
Output Current, 2008B-700. . . .. .............. 700mA'
Output Current, 2008B-1000. . ............... 1000mA’
Operating Temperature .. ................. -40-+85°C
Storage Temperature . . .. ...... ... ... ... -40-+125°C

Absolute Maximum Ratings

Input Voltage, DCModel. . . ...t 32V
OutputVoltage .. ......coi it 32V

Typical Characteristics

Output tolerance (within specified temp. range) « + « v v v v v v v . +5%
Efficiency. . ... 95%
Input Voltage Minimum . . .. ...... .. oo 5V
Input Margin (350mA unit’, add to LED VEMAX) + « « 4 v v v v v e o 2V,

The main advantage is that this design is built for the LED use in our design,
so the efficiency is maxim. But there are several disadvantages; the first one is that
this project is an academic one, so it’s interesting try to design a module like this. The
second one is referral to the transmitter emplacement; in the robot we can’t have 32 V
for input voltage and the input voltage minimum is so high. Without these limits the
most efficient and appropriate is use this module.

The other possibility is design a driver . One possibility is using a MOSTET?.
Other type is driven using a moderate power FET “(field effect transistor) and
appropriate logic. Its possible drive by a high speed MOS transistor with low input
capacitance in order to achieve sharp turn-on edges that can be easily detected by the
receiver.

All these drive system are right for a general optical communication, without
limit of external current input. Our problem is again the transmitter emplacement
where we have power limit. For these reason we decided use an hex inverters array,
exactly the MM74HC04.
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The MM74HCO04 inverters utilize advanced silicon gate CMOS technology to
achieve operating speed similar to LS-TLL gates with the low power consumption of
standard CMOS integrated circuits. The package is below.

Pin Assignments for DIP, SOIC, SOP and TSSOP
Vee A6 Y8 A5 Y5 A4 Ya

o

13 ||2 |11 ||o ls

2 3 |4

5 |s l 7
A1 Y1 a2 v2 A3 ¥3 GND
Top View

Figure 4.6 Hex inverter package diagram.
The electric characteristics are below

Absolute Maximum Ratingsote 1)

(Note 2)
Supply Voltage (Vgc) -0.5to +7.0V
DC Input Voltage (V\) -1.5t0 Vg +1.5V
DC Output Voltage (Voyr) -0.5to Vg +0.5V
Clamp Diode Current (lik, lok) +20 mA
DC Output Current, per pin (loyt) +25 mA
DC V¢ or GND Current, per pin (lgc) +50 mA
Storage Temperature Range (Tgtg) -65°C to +150°C
Power Dissipation (Pp)
(Note 3) 600 mW
S.0. Package only 500 mW
Lead Temperature (T,)
(Soldering 10 seconds) 260°C

We are going to need 700 mA to drive the High-powered LED, so if each pin
supply 25mA, we are going to need 28 inverters equal to seven packages. So the
design is seven hex inverters in parallel like the figure.
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Figure 4.7 Receiver Driver Schematic
4.1.4 Lens

The lenses are for our system like antennas for microwaves, the gain
dependent on LED geometry and size. The main problem is again the transmitter
emplacement, we can include big lens in the transmitter because it is located in the
underwater robot.

If the transmitter broadcast angle and the receiver FOV are both narrow, the
SNR of the received pulse is higher but the pointing accuracy of transmitter and
receiver is critical. If, however, the transmitter broadcast angle and/or the receiver
FOV is wide, pointing is less critical; SNR is lower with the transmitted photons
spread out into a wider angle and some covertness could be lost. However, this is
probably not an issue with these short communications.

For this reason, we improve the effectiveness of the optical system with a
Fraen acrylic concentrator on the LED to create a cone of light with an internal angle
of 30 degrees. This increases distance ate the expense of transmission angle. The
reduction in the transmission angle can be solved including more photodiodes or
developing a lens system in the receiver.

The lens use to the final design is FHS-HMBI1-LLO1-z.

Medium Beam lenses: c
FHS-HMB1-LB01-z
FHS-HMB1-LLO1-z

29.4  Shape of cutout in holder

identifies the specific holder
L and application (Luxeon I
Star, Luxeon III or V Star,
or Emitter).

27
25

light texture on e
microlenses (8).

2.6mm hexagonal

shaped microlens

array

Figure 4.8 FHS-HMB1-LL01-z scheme
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So after apply the lens we are going to obtain a signal with a luminous

lm ;

3m - 0.6hux b

Figure 4.9 Luminous characteristic lens
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4.2 Recelver

The receiver detects the light via the photo detector. The low current signal
triggers a dual gate transistor (NTE415), which takes the current from the 12 V rail
and transmits it to the NE592 video amplifier. The NE592 cleans the incoming
rounded signal to a square wave. Pin 8 of the NE592 is the other part of the
differential output and carries the data stream through a pre-amp circuit consisting of
a pair of common emitter connected transistor. The signal is then sent to a 4"
Butterworth low pass filter (LT1568IGN) and a high frequency amplifier.

4 l )
Demodulated

signal « Vad
<— | Demodulation Filtering (€ Amplification €—Photodiode| |[€— GND

Figure 4.1 Receiver Block Diagram (Up)-Receiver final design (down)

4.2.1 Photodiode

We tested several different photo diodes PDB-C158, BPW21 and SLD-
70BG2, and got the best results with the diode SLD-70BG2, which has a good trade
off between speed and sensitivity.

The planar photodiode is designed to operate in either photoconductive or
photovoltaic modes. This diode incorporates a BG filter that rejects infrared
wavelengths and approximates the response of the human eye. High sensitivity and
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low dark current allow use in low irradiance applications. The photodiode measures
3.6 mm X 3.6 mm (0.140” X 0.140”) and is supplied on a ceramic base with a clear
epoxy dome package.

1.9 Directional Sensitivity Characteristics
Optical |—=— 38 nom. Anode 40° 30°  20° 10° 1.0
Clear Epoxy = ] T T T T T
Red dot o 7
; \ r 50 08 Half Angle = 60° |
- 7 - 0.6
7.2 5.1 60
NS ::{ . 70° 0.4
BG Filter
0.2
0.50-0.52 \ 80°
34 =— o0
—= 6.3 Max. Cathode 90 2 —
Chip Size = 3.6 mm X 3.6 mm 100°
Actve Area - 9.8 sq-mn;_ Dimensions in mm. (+/- 0.2) 1.0 08 06 04 20° 40° 60° 80° 100° 120°

Figure 4.11 Photodiode dimensions & sensitivity

The electrical characteristics of the photodiode

Electrical Characteristics (To=25°C unless otherwise noted

Parameter Max Units Test Conditions
Isc Short Circuit Current 40 55 uA  |Vr=0V, Ee=25mW/cm"” (2)
Voc Open Circuit Voltage 0.40 V Ee=25mw/cm”  (2)
Ip Reverse Dark Current:
SLD-70BG2A 100 nA  |Vg=100mV, Ee=0
SLD-70BG2B 100 nA |Vg=5V, Ee=0
SLD-70BG2C 20 nA _ |Vg=5VY, Ee=0
SLD-70BG2D 5 nA |Vr=5V, Ee=0
SLD-70BG2E 1 nA |Vg=5V, Ee=0
C, Junction Capacitance 180 pF  [Vr=0V, Ee=0, f=1MHz
tr Rise Time 4 us  [Vr=5V, Ri=1kQ (3)
te Fall Time 6 us  |Vr=5V, R i=1kQ (3)
TC, Temp. Coef.,, Isc +0.2 %/°C |(2)
Vgr Reverse Breakdown Voltage 50 V_ |Ig=100uA
Ap Maximum Sensitivity Wavelength 550 nm
AR Sensitivity Spectral Range 400 700 nm
012 Acceptance Half Angle 60 deg |(off center-line)
Specifications subject to change without notice. 103184 REV 0

Table 4.5 Electrical characteristics photodiode

In the final design, we will implement a design with five photodiodes to
increase the reception area, like in the figure 4.12.

N

d
Figure 4.12 Photodiode location system
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The final value of the parameter “d” will depend in the maximum angular
coverage of the emitter and it could be useful in a future application to control the
position of the surface platform

4.2.2 Signal treatment

The low current signal triggers a dual gate transistor (NTE415), which takes
the current from the 12 V rail and transmits it to the NE592 video amplifier.

The NE592 cleans the incoming rounded signal to a square wave. Pin 8 of the
NES592 is the other part of the differential output and carries the data stream through a
pre-amp circuit consisting of a pair of common emitter connected transistor.

The signal is then sent to a 4™ Butterworth low pass filter (LT1568IGN). The
LT®1568 is an easy-to-use, active-RC filter building block with rail-to-rail inputs
and outputs. The internal capacitors of the IC and the GBW product of the internal
low noise op amps are trimmed such that consistent and repeatable filter responses
can be achieved. With a single resistor value, the LT1568 provides a pair of matched
2-pole Butterworth lowpass filters with unity gain suitable for I/Q channels.

By using unequal-valued external resistors, the two 2-pole sections can create
different frequency responses or gains. In addition, the two stages may be cascaded to
create a single 4-pole filter with a programmable response. Capable of cutoff
frequencies up to 10MHz, the LT1568 is ideal for antialiasing or channel filtering in
high-speed data communications systems.

4th Order Lowpass Filter,
Single Supply Operation

V+
l . .
0.1uF i Table 4. Resistor Values in Ohms, 4th Order Lowpass
== 1 v v 16 Butterworth, Gain =1
R11 ~  R31 2 15 R32 R12 foutorr (MHz) R11, R21 R31 R12, R22 R32
Vi =VWAV-—Wyv I L WV-$-Wv 1 105k | 158k | 182k | 887
3 LT1568 __ |14 : : : Q
"o A ok 22 2 5230 7870 909Q 4320
4 13
—‘W\'—f—s OUTA  0UTB —t12 WA~ L Vour 3 3480 523Q 5900 2940
= OUTA  OUTB » Vout 4 2550 3830 4320 2150
? GNDA  GNDB 5 2050 3090 3480 1740
0" Tl en 2 6 1690 | 2550 | 2800 | 1430
- o2\ V- % 7 143Q 2210 2320 1240
8 1240 1960 1960 107Q
T — 9 1079 1740 1690 97.60
= 10 97.60 1580 1430 88.70Q

Figure 4.13 4™ Order Lowpass Filter Butterworth

After the filtering, it could be possible realize an amplification. In our case, we
don’t know the power restrictions in the surface platform, we decided don’t realize
this stage because the high frequency amplifier requires more power than the other
receiver’s part.
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4.2.3 Demodulation

The easiest way to demodulate the signal is to use a microcontroller. Due to
time restrictions and since demodulation can easily be a part of the future work
concerning the software of our communication, it is not implemented in this current
work.

4.2.4 Lens

Plano-Convex (PCX) Lenses have a positive focal length making them ideal
for collecting and focusing light in imaging applications. They are also useful in a
variety of applications involving emitter, detectors, lasers and fiber optics.

+ ET

N

~BFL
~—EFL

Figure 4.15 Plano Convex Lenses

Available in a wide variety of diameters and focal lengths, our election was
diameter equal to 1 mm and Center Thickness (CT) equal 0.5 mm. We are going to
use one for each photodiode.

This election is the most important in the final results, because the final signal
reception is completely depended on the lens system. For this reason we decided use a
standard one to analyze the results and include the improvement of this system in the
future work, because the main point of this project was the physical electrical layer
and improve this point is studying the results for different diameters.
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Chapter 5

Experimental data

Six experiments were carried out to measure the maximum range and
coverage of the optical digital link in air and underwater. The range is defined as the
maximum distance between transmitter (LED) and receiver (photodiode).
Furthermore, experiments were carried out to investigate how transfer rate and duty
cycle behave at distances greater than the range of the link. The experiment setup and
the individual results are outlined in the following sections.

5.1 Hardware setup

In order to avoid any unwanted interference, sender and receiver were
physically separated and the used wires were short as possible.

For transmission, a high frequency pulse generator was connected to the
optical transmitter, which generate a byte stream. The transmitter was powered by a
laboratory power supply. The receiver circuit was powered by a laboratory power
supply too, and connected to an oscilloscope, which analyzed the received stream.

The closest distance between emitter and receiver unit was between the LED
and the photo diode. The receiver system was fixed and to measure the range, only the
LED was moved.

For the experiments in air, the LED and the photo diode were aligned
horizontally, and positioned on a table with a possible reflecting surface, but it was
the best possibility. The experiments was carried out in normal indoor lighting
conditions, mainly fluorescent tubes.

For the underwater experiments, we had an important limitation, we haven’t a
platform to submerge the system underwater. For this reason, the experiment was
carried out in a rectangular pool with white wall, which 0.01 meters deep, 0.60 meter
width, 1.10 meters length and thickness 5 mm in each wall as figure 5.1 shows.

i 5 i &
N i it
1 E AL »\:
WG T T b \ L_L

Figure 5.2 Emitter coverage in air.
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The receiver and emitter were out of water, in the walls surface to decrease
effects of the reflecting. We realize the experiments with clear water with no visible
pollution. With these conditions, we can do only two distances experiments, with 0,6
meter and 1,1 meter. The experiment was realized with the same environmental light
with the experiments in air.

5.2 Air results

The range in this context means the maximum distance between transmitter
and receiver, which still allows error-free transmission of data. For these experiments
we use a (460 nm) blue emitter, with a forward voltage of 3.7V and a current of
600mA. The region of interest for the behaviour of transfer rate and error range is
from 40 cm and 200 cm.

The first experiment is focused to find the most adequate rate, for this we
measure the received signal depending the emitting frequency. Figure 5.1 shows the
results.

Emitter coverage in air

NS 25
naUNEN
»

| Voltage Received
| L5 signal(v)  "253
L4 ®2-25
. 1 0 5 1 1,5'2
' "1-15
500 "0,5-1

L
/

1750 Frequency (Khz) "0-0,5

——
o " TTTT—
< < o ¢
ee] — o o
— « o
Distance (cm) - —

Figure 5.2 Emitter coverage in air.

As expected, the range decreases with the frequency. The final election of the
frequency will depend of different factors; one of them is the type of modulation. The
modulation efficiency will influence in the decision between rate and range of
application. If we use a type of modulation like Manchester modulation, we will
emitting in a half of the frequency really, it’s for this reason we will be more
interested in this case in develop the rate before than the range. In other case, if we
implement a communication protocol, we can dispose around the maximum
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efficiency in communication. This is going to focus the system development in other
way.

For the maximum analyzed rate (2Ghz), we decided to study the duty cycle
influence depending of the distance between emitter and receiver. Figure 5.2 shows
the results.

Emmiter coverage in air (f=2MHz) vs.
Duty Cycle

—73

2,5

.....

i RN

= o \7 "1,5-2
| ’a— ’\\\‘\\l\xi’ B ’*T 1 "1-1,5
WANSS
NN
T NEES
_— ~ ’/‘E R Duty Cycle (%)
<
Distance (cm) -

Figure 5.3 Emitter coverage in air (f=2MHz) vs. Duty Cycle

The analyze of Duty Cycle influence is focused to find the better transmission
with the minimal power consumption in the emitter, what it’s mean, with more duty
cycle we have better results due to we are emitting a signal with more 1 than 0, more
light in any case. The high power rating permits it to be used in a low duty cycle
mode, allowing an intense pulse of light generated for a short period of time, but in
our case we have a big power restriction in the receiver that prohibit this case. The
problem to include high duty cycle is the power consumption in the transmitter, less
than high power rating but enough to be considered.

The results in our experiment show that we have an optimal value around 70-
80, more pronounced in longer distances.
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5.3 Underwater results

The problems that we have limit the truthfulness of these experiments, but the
final results are logic because all the experiments were realized in the same situation,
so we can take conclusion of them.

The same experiments as described before were conducted in water, but only
in the two distances that we dispose. The first experiment is focused to find the most
adequate rate, for this we measure the received signal depending the emitting
frequency. Figure 5.4 shows the results.

Emmiter coverage underwater
r 3

~ 2,5
2 Voltage Received

‘\ 15 Signal (V) 253
‘ \ 1 W2-25

- 05 "1,5-2
1-1,5
‘ / "0,5-1
y 1000 "0-05
,/ 1500
Frequency (Khz)
‘,/ 2000
60
Distance (cm}10

Figure 5.4 Emitter coverage underwater

To our surprise, the received signal increased, even though there should be
absorption and coupling losses in water, and losses in the wall. The increased
intensity at the receiver can be explained in the reflexion by the bright pool walls. We
also expect less high frequency noise disturbing the receiver in the outdoor
environment, because underwater the attenuation in high for this range.

The important result is that clear water attenuation in fresh water does not
have a big impact on the range of optical communication in a short range.

For 1 MHz and 2MHz, we decided to study the duty cycle influence
depending of the distance between emitter and receiver. Figures 5.5 and 5.6 shows the
results.
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Emitter coverage underwater (f=1MHz) vs.

Duty Cycle
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Figure 5.6 Emitter coverage underwater (fF=2MHz) vs. Duty Cycle

The results in our experiment show that we have an optimal value around 68%

AN

in 60 cm communication and 86% in 110 cm communication. We can observe how
it’s more pronounced in longer distances the duty cycle influence in underwater too.




The last experiment realized, was study the perpendicular coverage of the
emitter what it means more or less the angular range. We propose change the distance
“d” of the figure 5.8, and analyze the received signal.

Receiver

Transmitter a2

(o8

Figure 5.7 Experiment situation

The figures 5.8 and 5.9 show the results.
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Figure 5.7 Perpendicular Coverage Emitter underwater (f=1Mhz)
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Perpendicual Coverage Emitter (f=2Mhz)
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Figure 5.8 Perpendicular Coverage Emitter underwater(f=2Mhz)

As expected, the lens election is fundamental, because we lose the signal
radically when the receiver is out of emitter range. It could be possible amplified the
emitter range to 60°, but it suppose less signal in the received. We can’t increase the
power alimentation in the emitter, so the development must be centre in the receiver
lens study and develop a system like we propose before in the Figure 4.14
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Chapter 6

Conclusion

The presented optical communication system is suitable for underwater
applications, since high frequency radio wave is highly absorbed in water, and
acoustic communication systems are relatively low bandwidth. We can do a
classification of the optical communication systems present in the bibliography in two
groups. The first one present a limitation in size but normally the power supply isn’t a
handicap, for this reason it’s possible implement the communication with a high-
power LED. The second group present a limitation in power supply and limit the
transmitted rate around 500 kHz and the range in less than one metre. Our main
problem is that we cannot include our system in any of these groups, we have an
important size limitation because our emitter is located in a small robot and we can’t
increase the range include big lens as it’s usual to do. In the other way, we have a
power limitation because the power supply must be inside the robot, and we can’t
include a 1A power supply. For these reasons our project is inside of a new optical
communication field. With this situation, our system presents several limitations due
to lack of study in this field and lack of time, but the main point is that we can say that
according with the results, this communication is possible to be implemented,
increasing the study of some points.

The experiments have shown that the range is not decreased while working in
underwater, for the blue wavelength, and high power LED emitters can be used for
high-speed optical communication with an appropriate lens.

The wide angular coverage, 30° because it’s the used lens in the transmitter,
doesn’t allow more than 10 cm range around the perpendicular point of movement.
So, to allow omnidirectional coverage it’s necessary to include an improved lens
system in the receiver and a system with several photo diodes to increase the
detection range.

The power consumption of 3W in the transmitter is the maximum limit to
include in the final emplacement, the robot. So for this reason, it’s necessary an
analysis about how was possible to increase the power consumption. Once the lens
study was finished, it could be necessary to realize this analysis, because finally we
must include a small battery and it could be a problem.

The results depending of the rate show that depending the final system
necessities, we will define the adequate one. The experiments show that the system
has a good response in the range between 500 kHz and 1.50 MHz, could be increase
to 2 MHz if the lens system was more efficient. So here we have the most important
conclusion, the main point to increase the full system must be realize a complete
analysis about the lens system.

According with the initial project requirements, we have completed the
electronic hardware fabrication, which means, design and build a full underwater
communication system. There are two points from the initial requirements that aren’t
completed, the fabrication of an underwater platform to realize the underwater
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experiments and an analysis to determine the most efficient lenses system. We
propose these points in the future work.
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Chapter 7

Future work

According to the limitation showed in the conclusion, the complete analysis to
find the most efficient lens system in the transmitter and the receiver is obligatory to
improve the system. This was the first point in the future work, once we know the
results and we have chosen the most efficience lens, the prototype used for
experiments will be redesigned, to achieve smaller PCB dimensions, and to enable
implementation on submersible. Several receivers will be used, to achieve
omnidirectional and in the future could be a system to control the surface platform.

Once an optimal communication is build, we can improve other fields like the
signal treatment in the receiver. Include a high frequency amplification after the filter,
once we know the power specifications in the receiver, will be interesting to increase
the signal. Other improvement could be increasing the receiver sensibility doing an
impedance study in the receiver circuit.

Other important point in the future work is the optical coupling of the emitter
and photoreceptors to the water, because is an open field. Especially if the wide
opening angles and uniform emission footprints are required, coupling lenses have to
be carefully designed, to avoid losses due to reflection, refraction, or occlusion. In
other point, the radio interferences will be solved including a Faraday box in the
receiver and emitter if it was necessary.

For the final system characterization, realize a full underwater characterization
after these improvements will be necessary, including calculate the underwater
communication parameters described in the chapter 2.

Finally, out of our project, it could be interesting to include the modulation
and demodulation software, using a microcontroller. But this point is out of our
project, because we are interested in the physical layer.
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Appendix B

Part List
Transmitter
Device Value Package Quantity
LXHL-PB09 1
MM74HC86 SOIC14 1
MM74HC04M SOIC14 7
RESISTOR 8.2 250mW pref. metallic 1
CAPACITOR In Ceramic 50V 1
CAPACITOR 10n Ceramic 50V 1
CAPACITOR 100n Ceramic 50V 1
Table B.1 Transmitter Part List
Receiver
Device Value Package Quantity
LT1568IGN SSOP16 1
2N3904 2
1N5408 1
BF908 1
BPW43 1
NES92 DIL14 1
POLARICED_CAPACITOR | 100u/16V 1
CAPACITOR 47p Ceramic 50V 1
CAPACITOR 270p Ceramic 50V 1
CAPACITOR In Ceramic 50V 1
CAPACITOR 2.2n Ceramic 50V 3
CAPACITOR 10n Ceramic 50V 7
CAPACITOR 100n Ceramic 50V 10
CAPACITOR 47p Ceramic 50V 1
RESISTOR 12 250mW pref.metallic 1
RESISTOR 18 250mW pref.metallic 2
RESISTOR 22 250mW pref.metallic 1
RESISTOR 75 250mW pref.metallic 1
RESISTOR 180 250mW pref.metallic 1
RESISTOR 220 250mW pref.metallic 1
RESISTOR 270 250mW pref.metallic 2
RESISTOR 330 250mW pref.metallic 1
RESISTOR 390 250mW pref.metallic 1
RESISTOR 470 250mW pref.metallic 1
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RESISTOR 560 250mW pref.metallic 2
RESISTOR 680 250mW pref.metallic 3
RESISTOR 820 250mW pref.metallic 1
RESISTOR 1k 250mW pref.metallic 4
RESISTOR 1.2k 250mW pref.metallic 1
RESISTOR 1.5k 250mW pref.metallic 1
RESISTOR 1.8k 250mW pref.metallic 1
RESISTOR 6.8k 250mW pref.metallic 4
RESISTOR 82k 250mW pref.metallic 2
RESISTOR 100k 250mW pref.metallic 3
RESISTOR 120k 250mW pref.metallic 1
RESISTOR 180k 250mW pref.metallic 1

Table B.3 Receiver Part List
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