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ABSTRACT

MULTI-UNCREWED UNDERWATER VEHICLE (UUV) OPTICAL

COMMUNICATION SYSTEM DESIGN

by

Igor Vladimirov

University of New Hampshire, December, 2022

Over the past few decades the state of art of Uncrewed Underwater Vehicles (UUVs) has

grown significantly, and one of the major challenges remains establishing reliable underwa-

ter communication among UUVs. This case is especially true in a multi-UUV setting where

tethered communication is not an option. This research focuses on designing a cost-efficient,

short distance optical communication system capable of supporting formation control of mul-

tiple UUVs. Although light attenuation underwater significantly degrades communication

ranges, experimental results show that optical communication can achieve distances of al-

most 20 meters in clear water by utilizing a simple 10-Watt LED transmitter (with larger

distances being tenable given more powerful light sources). Furthermore, a signal processing

scheme and protocol is designed and tested. This scheme includes a timing sequence capable

of supporting multiple UUVs, all utilizing the same transmitter wavelength and carrier fre-

quency. This optical communication scheme is tested in air in a static three-node network.

All nodes are able to send, receive and interpret digital packets at a speed of 5kbps. Although

further fine-tuning of the system is required due to divergence angle limitations and timing
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inefficiencies, the experiments presented in this work show a successful proof-of-concept of a

short distance multi-UUV optical communication system
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CHAPTER 1

Introduction

1.1 Overview of Uncrewed Underwater Vehicles (UUVs)

In today’s world human technology is growing at incredible rates, enabling our society to

explore and study the underwater world which was unfathomable 100 years ago. Today we

can access depths of over 6,000 meters and utilize ocean and maritime environments for a

variety of tasks: power distribution from offshore wind farms, gas/oil extraction, research,

farming, military and defense applications and much more [1]. Most of these capabilities

exist due to state-of-the-art Remote Operating Vehicle (ROV) technology. Human divers do

not operate below depths of 1000 feet. And, even at or above 1000 feet, the risks of death

or permanent disabilities are significant [2]. Therefore, robots are utilized as they are able

to access much greater depths without risking our health and well being.

One of the major challenges of working with autonomous underwater vehicles is estab-

lishing a reliable communication between those vehicles as well as between each vehicle and

ground/shore stations from which they are deployed. This issue arises because water is a

much denser medium than air. It possesses high electrical conductivity, which influences

water’s damping properties, and causes the absorption of electromagnetic waves used for

wireless communication in air [3]. Therefore engineers and scientists are constantly seeking

creative ways to transmit data underwater.
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1.2 Current Communication Methods Utilized by Underwater Vehicles

As mentioned above, it is challenging to establish a reliable communication network under-

water, where typical radio and GPS applications utilized on the surface will not propagate.

A good example of this statement was demonstrated by a group of scientists from Ilmenau,

Germany, who utilized two 2.4GHz antennas to measure communication signal strength un-

derwater. Here, most of the signal was lost at ranges greater than 10cm [3]. Most common

communication methods utilized for control of underwater vehicles today include attached

tethers, acoustic and optic modems [4]. In cases where a vehicle is remotely controlled by

a human (ROV), tethered communication is most common [4]. A tether is connected from

the shore station or a ship to the remote vehicle and is utilized to control the vehicle, as

well as send and receive various data signals to accommodate the mission. Even though in

most cases this approach meets all mission requirements, tetherless ROVs are currently being

developed [5], as the tethered approach is not feasible when deploying a swarm of multiple

UUVs due to path obstructions and cable entanglements [4]. Wiring multiple robots to one

another severely restricts maneuverability. Therefore, other methods are utilized to resolve

this problem.

The most common way to establish wireless communication in underwater environment

is done via acoustics [4]. Depending on frequency and amplitude, sound waves can travel

underwater for miles. The concept of acoustic communication is based on creating certain

patterns of vibrations at the transmitter (piezoelectric transducer), which then create pres-

sure waves that propagate through the water medium [6]. Today’s acoustic modems can

employ low-frequency pulses (9-13kHz) to achieve communication ranges of greater than

5km [7]. Teledyne Benthos and OceanServer Technology have demonstrated reliable com-

munication at ranges greater than 1.7km between submerged compact underwater vehicle

and a shore station. The system was operated at a frequency ranges of 22-27kHz and com-

munication rate of 600bps [7]. Acoustic communication, although widely used, is limited to
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the speed of sound (roughly 1500 m/s and varies with factors such as pressure, temperature

and salinity), which limits transmission speed [6]. Even though acoustic underwater com-

munication method is the only reliable method to communicate over 200m distances today,

it is limited by geometric spreading, absorption, propagation delays, and noise (turbulence,

wind-driven waves, shipping traffic, thermal noise) [8]. Additionally, acoustic systems suffer

from multi-path arrivals due to surface and bottom interactions in shallow waters [9].

Even though the last decade has seen many studies and improvements in various under-

water network and protocol schemes, most transmission speeds are still low. Today’s modems

typically do not exceed 10kbps, with most operating in ranges of 1000bps or under [10]. Be-

cause of these challenges acoustic modems and transducers must be tuned precisely, which

makes them complex and more costly, even for low-speed packages [10].

Electromagnetic waves present another way to establish underwater wireless communica-

tion. Visible light travels much faster than sound (clight = 3×108 m/s) and therefore presents

an opportunity for communication speeds, which are orders of magnitude faster than that

of acoustics [4]. As such, visible light communication (visible light spectrum of 400-700nm)

has been a topic of interest over the past two decades. Visible light attenuates non linearly

in water, and its absorption depends on the light’s wavelength [11]. Figures 1.1 and 1.2 show

an overview of attenuation of visible light in pure seawater. In addition to the wavelength,

water conditions, such as turbidity and turbulence, greatly affect light propagation [12].
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Figure 1.1: Absorption coefficient of pure seawater for different transmission

wavelengths [12]

Figure 1.2: Typical propagation of visible light in clear water [13]

Various schemes exist that utilize laser diodes and LEDs as light sources. Lasers offer

high-modulation bandwidth (communication speeds are in GHz range) but have a narrow

divergence which requires precise pointing between transmitter and receiver. Over the past

decade, communication rates of 2.7Gbps was demonstrated at a range of 34.5m via a laser
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transmitter in clear water utilizing On-Off-Keying (OOK) [14], and ranges of 120m were

achieved via a pulse laser with peak power of 105W [14]. LEDs, on the contrary, offer high-

power efficiency, cost efficiency and longevity but suffer higher attenuation due to wide light

divergence. In the past, a 50m range was achieved at a data rate of 2.28Mbps in clear water

via a transmitter comprised of eighteen LEDs [14]. Because underwater optic communication

systems are significantly limited by range, various studies today explore options of hybrid

optic-acoustic communication systems [12].

As briefly shown in Figure 1.1, light attenuation in seawater is at its minimum for the

blue/green light spectra (λ = 460nm) in clear water, and the most effective propagated

wavelength increases towards the green range (λ = 540nm) for coastal waters. This phe-

nomenon occurs, in part, because phytoplankton chlorophyll pigments absorb light in the

blue and red spectral wavelengths.

In general, the spectral beam attenuation coefficient c(λ) can be described as c(λ) =

a(λ)+b(λ), where a(λ) represents the absorption coefficient, and b(λ) represents the scatter-

ing coefficient. Both absorption and scattering are a function of wavelength λ and determined

by the concentration of water molecules, particulate algal and sediment matters, and colored

organic solvents [12]. Table 1 provides typical values of these coefficients for various water

types.

Table 1: Typical attenuation, absorption and scattering values in different water types for

λ = 532nm [12]

Because of large attenuation values presented above, there are no existing systems capable

of obtaining long distance optical underwater communication. There are, however, various

models in development for short and medium ranges. For example, Hydromea offers a variety
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of optical modems capable of ranges up to 30m with data rates up to 10Mbps [15].

Optical configurations can be classified into two groups: Diffused Line Of Sight (LOS)

and point-to-point LOS. The diffused LOS configuration presents wide source spreading,

which offers wide divergence angle (tens of degrees for LEDs compared to 2mrad or less for

lasers [16]) but suffers high attenuation, which leads to a low transmission data rate (Gbps

range for laser vs. Mbps range for LEDs [14]). Point-to-point LOS, on the contrary, offers

high data rates but requires precision pointing, which is a major issue for non-stationary

nodes. Both examples are illustrated in Figure 1.4.

Figure 1.4: Examples of optical communication configurations [12]

The techniques utilized to capture and read visible light signals involve various types of

photo detectors. Typically PIN and Avalanche photodiodes are utilized, and both will be

discussed in detail in Chapter 3 [17]. In addition to strong light attenuation under water, high

photodiode detection thresholds and high noise intensity linked to transimpedance amplifier

results in photodiodes being a poor option for long-distance underwater communication

[12]. Typical underwater optical communication configurations are limited to a range of 100

meters. Although there is an ongoing research on developing receivers that utilize Single

Photon Avalanche Diodes (SPADs), which may significantly improve optical communication

ranges, these sensors are in their early stages of development and require further studies [12].
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1.3 Performance Issues With Wireless UUV Communication Today

Although research in underwater wireless optic communication has been ongoing for the

past two decades, it remains a relatively new concept with performance issues due to the

aforementioned reasons. One of the shortfalls in today’s state of art is the lack of reli-

able communication methods between multiple, collaborative autonomous UUVs. There are

many examples of optical communication papers which include light propagation and ba-

sic transmitter and receiver designs. For example, Heather Brundage developed an optical

system capable of transmitting data at 3Mbps via a laser transmitter over a distance of

13m [17]. This design demonstrates great capabilities of point-to-point LOS, stationary op-

tical configuration but does not take into account dynamic node configuration. Additionally,

this design did not include any data processing or communication protocols utilized, which

are vital for a multi-node network. To the author’s knowledge, there is currently no existing

adapted optical communications protocol that exists for multi-UUV collaborative missions.

As optical research is progressing there are various industries offering wireless underwater

products. For example, Hydromea offers a variety of optical underwater modems capable

of data transmission of 10Mbps for up to 30 meters [15] and, as of 2022, a world’s first

optically-controlled, wireless ROV designed for flooded confined spaces [5]. Figure 1.5 shows

Hydromea’s LUMA X-UV modem and EXRAY optical ROV.

Figure 1.5: Hydromea LUMA X-UV optical modem (left) [15] and EXRAY tetherless drone

(right) [5]

Although this technology offers great potential in multi-UUV communication, all infor-
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mation is proprietary.

This research focuses on the design and modeling of a cost-effective wireless optical

communication system and protocol for multi-UUV missions:

• This work considers light propagation in the development of the transmitter and re-

ceiver design, circuit analysis, and digital signal processing.

• An optical communications system is designed for basic multi-UUV networking for non-

turbulent waters. The design consists of a short-range, diffuse LOS LED transmitter

configuration and a PIN photodiode receiver configuration.

• This work proposes a complete communication system design and protocol, which can

be implemented to control UUVs in various short range applications.

• An experimental proof-of-concept of all subsystems is provided, which shows the pro-

posed optical communication system as viable for future full integration.

1.4 Thesis Outline

Chapter 2 reviews basic light attenuation, transmitter source selection and transmitter source

design. Chapter 3 provides an introduction to photodiodes, proposed solution to ambient

light noise and receiver circuit design. Chapter 4 presents experimental results for light prop-

agation of multiple light wavelengths (colors). Chapter 5 describes the digital processing of

incoming message traffic, to include timing, packet structure and bit-error-rate experimental

results. Digital signal processing and time-division multiplexing scheme applied to a network

of multiple UUVs is discussed in Chapter 6, which also presents the experimental results of

the applied underwater optical communications system for a static, three-node network.

8



CHAPTER 2

Underwater Transmitter Design

2.1 Underwater Light Attenuation

This chapter covers attenuation of the visible spectrum of electromagnetic radiation (i.e.,

visible light). Visible light attenuation underwater is dependent upon two main factors:

absorption and scattering. Absorption is a thermodynamic process that varies non linearly

with the light’s wavelength, while scattering is a mechanical process that changes direction

of the photons [11]. Both of these coefficients vary with factors, such as dissolved substances

and organic matter [11]. In summary, underwater light attenuates exponentially based on

Beer-Lambert’s Law for light power as a function of wavelength:

P (λ) = P0(λ)e−α(λ)l (2.1)

Where P0(λ) represents the initial light power at wavelength λ, α(λ) represents the light

attenuation coefficient, and l is the distance from light source [11]. Additionally, light atten-

uation coefficient α(λ) can be calculated as follows:

α(λ) = αa(λ) + αs(λ) (2.2)

Where αa(λ) is the water absorption coefficient, and αs(λ) is the scattering coefficient [11].

Recent data analysis by IPB University scientists provide a good overview of light prop-

agation in various water types [18]. Light attenuation was analyzed throughout various

locations of Northeast Gulf of Mexico in order to describe variations of one optical depth
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and attenuation coefficients for different water types and light wavelengths [18]. Northeast

Gulf of Mexico is known for its dynamic water characteristics due to the input of fresh wa-

ter from several rivers, Loop current, local winds and upwelling, all of which greatly affect

variability of chlorophyll, dissolved colored organic matter, and other organic matter and

particulates. As a result, this region serves as a good location to test and describe light

attenuation variability with different water types [18]. Submersible Marine Environmental

Radiometers (MER) were installed at various locations as depicted in Figure 2.1.

Figure 2.1: Map of research sites in the Northeast Gulf of Mexico [18]

Three different water types were analyzed [18]:

• Region A - Offshore waters, where optical variability is dominantly influenced by vari-

ability of phytoplankton concentrations

• Region C - Inshore waters, where inherent optical properties are influenced by vari-

ability of concentration of phytoplankton, suspended solids, inorganic particles and

organic matter

10



• Region B - Intermediate waters that transition between regions A and C

The goal of this experiment was to gain a better understanding of one optical depth.

An optical depth is defined as that where the total amount of light (per wavelength) is

found to be 37 percent of the light intensity as that at the surface. The one depth unit

is an important concept in ocean color remote sensing because it limits satellite detection.

One depth shows how clear the water column is and how deep the ocean color satellite

sensor can receive signals [18]. In order to determine one depth, MER sensors at each

stations were utilized to determine diffuse down welling attenuation coefficients, which are

analogous to light attenuation coefficients described in equation (2) [18]. MER sensors were

placed at depths of 50-60m for offshore waters, 40-55m in intermediate waters, and 10-30

meters in inshore waters. The following wavelengths (in nanometers) were measured for

downwelling irradiance and depth data: 380, 412,443, 455, 475, 490, 510, 532, 555, 589, 665,

683. Collected data of initial and detected light intensities was utilized to calculate optical

one depth values for each wavelength tested. In general, calculated results showed red colors

to be shallowest, increasing with the green spectrum, maximum at the blue, and decreasing

again with violet [18]. Figure 2.2 shows the one depth summary for each water type.
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Figure 2.2: Calculated one optical depth values for various wavelengths throughout

Northeast Gulf of Mexico [18]

In summary, the above results show the following [18]:

• Red wavelengths (589-683nm) attenuated in similar quantities in all waters at approx-

imately 1.7-2.3m.

• Green wavelength (490-555nm) one depth was higher in offshore waters (11.5-24.6m),

decreased in intermediate waters (11.7-19.9m), and was lowest in inshore waters (9.3-

14.3m). Results varied with concentration of organic matter in waters.

• Blue wavelengths (443-475nm) showed the deepest values of 25.4-39.8m offshore, 17.6-

31.3m in intermediate waters and 6.6-16.1m in inshore waters.

• Violet wavelengths (380-412nm) showed deepest values in offshore waters and decreased

in intermediate and inshore waters.

12



Figure 2.3: Attenuation coeficient (Kd) values derived from analyzed data [18]

As mentioned above, one depth values are analogous to that of light attenuation coef-

ficient, which were also derived in this experiment and are shown on Figure 2.3. Overall,

blue-green spectra shows the best results in all three types of water, and violet came close

to blue-green wavelengths in offshore and intermediate waters at 400-412nm wavelengths.

Significant variation is present in inshore waters. Attenuation increases significantly for red

spectra, which would therefore, be a poor choice for an optical underwater transmitter. The

work in this study uses this data to select an appropriate light source and calculate its

13



predicted attenuation.

2.2 Selecting a Light Source and Calculating Predicted Performance

Establishing a Line Of Sight (LOS) between dynamic objects at various angles is critical for

underwater multi-UUV communication. Therefore, a point-to-point LOS configuration and

the use of laser diodes is not a good option for this project. A diffuse light configuration with

an LED source, instead, is selected for UUV communication. Based on the data of Nababan

et. al, wavelengths of green, blue and UV/violet are selected for further consideration.

LEDs for those three colors with respectively (approximate) similar parameters are chosen.

Specifically, 10W Chanzon LEDs are selected due to their cost effectiveness ($5 per unit)

and wide range of available wavelengths. Chanzon LED specifications are shown on Figure

2.4 [19], and the LED is shown in Figure 2.5 (left).

Figure 2.4: LED specifications from Chanzon (selected LEDs in red) [19]

The three colors selected are: UV/purple (395nm < λ < 400nm), blue (460nm < λ <

470nm) and green (520nm < λ < 525nm). In order to resolve wide-source spreading and

to enable a wide divergence angle, a condenser lens is selected and sized to match the LED

14



and transmitter’s watertight tube. The Edmund Optics 50mm lens is shown in Figure 2.5

(right).

Figure 2.5: Chanzon 10W LED (left) [19] and Edmund Optics 50mm condenser lens

(right) [20]

Condenser lenses are designed for illumination applications and are commonly used in

emitter-detector applications [20]. In this case, the purpose of the condenser lens is to further

spread the light beam and allow a wider divergence angle for both transmitter and receiver.

Combined LED-lens product is shown in Figure 2.6.

Figure 2.6: Optic transmitter

In order to model projected light attenuation underwater the Beer-Lambert law of Eq.(1)

is used:
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P (λ) = P0(λ)e−k(λ)d (2.3)

P0(λ) is transmitter’s initial intensity (10W), k(λ) is the total underwater attenuation co-

efficient (wavelength dependent), and d is the distance between the transmitter and the

receiver [11]. Eq.3 models power attenuation but does not include light dispersion caused

by the divergence angle (Figure 2.7).

Figure 2.7: Transmitter light dispersion angle θ

Dispersion angle θ is calculated via an experiment, where transmitter’s reflected light radius

is measured as the source is moved a certain distance away from a solid medium. θ, calculated

via basic trigonometry and collected measurements, is found to be 73.74◦. Next, transmitter’s

light diameter (in inches) is calculated to be the following:

Diametertx(d) = Diametertx0 + 2d · tan
(
θ

2

)
(2.4)

Where Diametertx0 is the transmitter watertight tube’s diameter of 3.63 inches (to be dis-

cussed in greater detail in the following sections), d is the distance between the transmitter’s

condenser lens and a receiver, and θ is the transmitter’s dispersion angle of 73.74◦. Due
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to short communication ranges of less than 20 meters, a spherical attenuation of light is

assumed with light intensity equal throughout the sphere with a surface area of:

Asurface,sphere = 2π ·
(
Diametertx(d)

2

)2

(2.5)

Even though LED lights are much more efficient in comparison to other available light sources

(e.g. incandescent and fluorescent bulbs), they are still less than ideal. Furthermore, a por-

tion of its drawn electrical power is converted into heat and other forms of energy. For this

thesis, LED efficiency approximation is selected to be 90 percent as per the Pennsylvania

State University Center of Nanoscale Science MRSEC [21]. Another factor taken into con-

sideration is the light’s duty cycle. The transmitter pulses on and off at a 50% duty cycle

(modulation details to be discussed in the next subsection), which dims the light source

by 50%. Based on the above considerations and Eq.2.3-Eq.2.5, the following transmitter

performance equation is derived:

I(λ, d) =
P0(λ) ·DutyCycle · ηLED · e−k(λ)d

Asurface,sphere

(2.6)

I(λ, d) is the projected light intensity W/m2, P0(λ) is light’s initial power of 10W spread

over the transmitter’s initial area of the watertight tube with Diametertx0 = 3.63in, ηLED is

LED efficiency of 90%, DutyCycle is 50% (fraction of time LED is on during its operation),

and Asurface,sphere is the surface area of light’s spherical spreading discussed previously [11].

The main source of variable in Eq.2.6 is the total underwater attenuation coefficient k(λ),

which varies drastically in different water environments as discussed in Section 2.1 and

has significant effects on optical communication system’s performance. In order to test

the validity of Equation 2.6, water in the University Of New Hampshire’s (UNH’s) Chase

Engineering Tank is analyzed and k(λ) is estimated.

The UNH Ocean Engineering Tank offers a 20ft-deep testing facility, which is utilized to

validate projected system performance (details to be discussed in Chapter 4). Test tank
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water is tested and compared to pure water (deionized water) to estimate the attenuation

coefficient. To conduct this experiment, Ocean Optics equipment suite is utilized, including

the USB-2000 spectrometer and a CUV-UV-10 sample holder (setup diagram shown in Figure

2.8).

Figure 2.8: Experimental setup for attenuation coefficient

A light is placed in a fixed position, propagating through a cuvette filled with water and is

captured on the other end of the cuvette via a spectrometer. Two samples of water are tested:

deionized water (represents pure water) and UNH test tank water. Light and environmental

conditions are kept constant for both samples, and multiple recording are taken.

Figure 2.9: Spectrometer readings from cuvette experiment: deionized (left), UNH tank

(right)
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On average, the intensity for both water samples show similar results, and percent atten-

uation of tank water in comparison to deionized water is negligible. Deionized water shows

an intensity range of 3285-3420 counts, while UNH tank water shows a range of 3350-3400

counts. Because both results closely resemble each other, a pure water absorption coefficient

is assumed for the UNH test tank water.

Numbers from 1997 experiment by Optical Society of America are utilized to provide

a reliable model of pure-water coefficients, where a spectral absorption of pure water (340-

640nm) was measured with a Photothermal Deflection Spectroscopy (PDS) method [22].

The PDS method utilized a continuous-wave laser beam propagating through the fluid. Its

deflection by refraction in the dynamic temperature-index gradient was proportional to that

of the absorption coefficient [22]. PDS yielded the following numbers [22]:

• αa(λ = 400nm) = 0.0087m−1 with 11% error

• αa(λ = 470nm) = 0.0124m−1 with 11% error

• αa(λ = 520nm) = 0.0488m−1 with 12% error

The PDS technique is insensitive to scattering and only yielded absorption coefficients

[22]. Even though scattering in almost pure water is much smaller relative to absorption, it

cannot be considered insignificant. From data presented in Section 2.1, scattering in pure

seawater is less than 6% and grows significantly with turbidity and turbulence. Using con-

servative estimates, reflection coefficients of the UNH tank are assumed to be 10% of the

total attenuation value, and all absorption coefficients include the aforementioned uncer-

tainty errors. The following attenuation coefficients are utilized for the UNH engineering

tank experiment:

• k(λ = 400nm) = 0.0107m−1

• k(λ = 470nm) = 0.0152m−1
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• k(λ = 520nm) = 0.0605m−1

Figure 2.10 shows projected light transmission of the transmitter utilized for this exper-

iment (experimental setup and results are discussed in Chapter 4).

Figure 2.10: Predicted light attenuation values of the transmitter utilized in this experiment.

2.3 Transmitter Circuit Design

Most photodiode circuits are prone to ambient noise, which changes with the amounts of

ambient light present in the environment [23]. Frequent changes in ambient light and re-

sulting photodiode noise are expected during UUV movement. Therefore, a typical On-Off

Keying (OOK) transmission would be challenging to interpret and is not a good option for

this design. In order to address this issue, amplitude modulation is applied to modulate

the signal to a more practical frequency range (100-300kHz). A carrier wave is chosen to
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drive the LED, and the signal is filtered upon arrival at the receiver. A 555-timer circuit

is designed to accomplish this task. A 555-timer is an oscillator with stability approaching

1%, even when varying supply voltages. In short, it is a small kit containing comparators,

gates and flip-flops and is an ideal chip to produce an accurate square wave [24].

Figure 2.11: CMOS 555 oscillator 50% duty cycle square wave circuit [24]

An LM555CN CMOS 555 oscillator is utilized to design a 300kHz carrier square wave (Figure

2.11) with resistor, R, and capacitor, C, sizes to satisfy f = 0.72
RC

= 300kHz. 100pF capacitor

is utilized for C, and a 100KΩ analog potentiometer (i.e. variable resistor) is utilized in

place of R to give the user the ability to tune the instrument and match the receiver’s filter

(discussed in the next section). The transmitter’s carrier pulse is combined with a message

coming from a processing board (as shown in Figure 2.12) via an AND gate and utilizing

the AND gate’s output signal to drive the LED source via a MOSFET.

Figure 2.12: Transmitter diagram
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The final transmitter circuit diagram is shown in Figure 2.13, and a corresponding Printed

Circuit Board (PCB) is shown in Figure 2.14. A Teensy 4.0 board equipped with a 600MHz

ARM Cortex-M7 processor is utilized to compile and send message traffic [25].

Figure 2.13: Transmitter circuit diagram

Figure 2.14: Transmitter circuit board
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CHAPTER 3

Underwater Receiver Design

3.1 Introduction to Photodiodes

Photodiodes are semiconductor devices with a P-N junction capable of converting light

(photons) into electric current [23]. The P-layer contains an abundance of holes (positively

charged) while the N-layer contains an abundance of electrons (negatively charged). A

depletion region is formed between these two layers with no existing free carriers, and an

electric field is created by a separate voltage source [23]. Current flow is induced when

light (photons) strike the area at or near the depletion region and form electron-hole pairs,

which then travel to P and N layers generating photocurrent [26]. A figure of a typical P-N

photodiode cross section is shown on Figure 3.1.

Figure 3.1: Cross section diagram of a P-N photodiode [23]

If electron-hole pairs are formed away from the depletion region, they recombine to create

heat. The boundaries at the depletion region act as parallel capacitor plates. The actual
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capacitance is determined by the region’s width and bias voltage applied to the photodiode

[23].

There are four main characteristics that define a photodiode:

• Performance - time necessary for charged carriers to cross the depletion region. This

characteristic is determined by the P-N junction capacitance and determines photodi-

ode’s response time and speed [23].

• Responsivity - photodiode’s ability to induce current for a specific wavelength of light.

Within a photodiode, photons release carriers in semiconductor over a range of depths

proportional to photon wavelengths [26]. Responsivity is measured in Amps per watt

(A/W).

• Dark Current - current induced when there is no incident light present. Dark current

is one of the main sources of noise within photodiode electronics [23]. Their levels are

lowest in unbiased modes (discussed below) and typically increase with temperature

[23].

• Breakdown Voltage - maximum reverse voltage that can be applied across a photodiode.

This voltage level typically decreases with increased ambient temperatures and mainly

depends on materials used for the construction of the diode (e.g. silicon, germanium,

indium, gallium...etc) [23].

There are three main types of photodiodes in today’s industry: P-N Junction, PIN, and

Avalanche [26]. P-N Junction photodiodes are the most basic type of photodiodes (shown

on Figure 3.1). PIN photodiodes are similar to that of P-N Junction diodes but have an

additional intrinsic layer added between the two doped layers to prevent unintentional mate-

rial adulteration. This additional intrinsic layer is highly resistive and increases the electric

field strength of a photodiode. As a result, PIN diodes offer decreased junction capacitance

values, increased speed and performance, and better quantum efficiency [23]. Additionally,
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intrinsic layer increases the spectral range of response by expanding the depletion region [26].

A diagram of a typical PIN photodiode is shown in Figure 3.2.

Figure 3.2: Cross section diagram of a PIN photodiode. [23]

Avalanche PhotoDiodes (APD) utilize impact ionization (avalanche effect) to create inter-

nal gain in the material [23]. APDs are biased near the breakdown voltage which introduces

the avalanche multiplication (gain) to amplify the fundamental photodiode current. This

feature enables measurable signals in settings with very low light levels [26]. Although APD

current noise levels are typically high due to internal gain, the overall Signal-to-Noise Ratio

(SNR) found in APD is typcally higher than that found in PIN and P-N Junction photo-

diodes [23]. There are two main setbacks found in APDs: difficult bias requirements (bias

voltages range 100-400V [27]) and high cost starting with over $100 per unit and going over

$1,000 with increasing active area sizes [28]. Figure 3.3 shows a diagram of an APD.
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Figure 3.3: Cross section diagram of an APD photodiode. [23]

Another important point of discussion is the typical modes of operation of photodiodes.

There are two main modes: (1) Unbiased and (2) Photocunductive.

Unbiased mode occurs when there is no voltage applied across the photodiode. This

mode only applies to P-N and PIN diodes. Unbiased mode offers lower dark currents (near

zero) and is considered to be the best mode for low light level applications (for PIN and P-N

diodes) [23]. Additionally, unbiased mode hinders variations of photocurrent responsivity

with temperature changes [23]. A downfall of unbiased operation is the presence of high

capacitance due a to narrow depletion region, which in turn degrades speed and performance

[29].

Photoconductive mode occurs with the application of a reverse-biased voltage to the

photodiode. This voltage causes attraction between the electrons and the positive terminal

and between the holes and the negative terminal, thus, further increasing the width of

depletion region. A larger depletion area is capable of absorbing more photons which, in

turn, decreases capacitance and improves speed and response times [23]. Dark currents

actually increase with applied reverse-biased voltage.

Figure 3.4 shows a curve of photocurrent and dark current values for different operating
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modes and varying light levels.

Figure 3.4: I-V Curve of Photodiodes - I0 (Dark Current), Ip (photocurrent), P

(Pi, i = 0, 1, 2) showing current at varying light levels with (P0 denoting no-incident

light) [23]

Based on aforementioned information presented an appropriate photodiode is selected

to receive optical communication signals and to enable practical communication between

receiver and transmitter. APDs are considered and analyzed. They offer very strong respon-

sivity ranging 10-20 A/W for the transmitter spectra (as discussed in Chapter 2). Figure

3.5 shows a spectral response curve for Hamamatsu APDs [27].
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Figure 3.5: Spectral response of Hamamatsu APDs) [27]

Most commercially available APDs offer small active areas ranging between 0.8mm2

and 20mm2 and cost $120 to $660, respectively [28]. Additionally, their biasing requires

large near-breakdown voltages (100V to 400V [27]), which are not practical for small UUVs.

Therefore, PIN photodiodes are deemed as a better option for this scenario and are, therefore,

investigated for this research. and the market is analyzed for final selection. The PS100-6b

THD photodiode is selected. Figures 3.6 and 3.7 show part details and spectral response

curve.

Figure 3.6: First Sensor PS100-6b THD PIN photodiode [30]
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Figure 3.7: PS100-6b spectral response [30]

For a price of $55 per unit, this photodiode offers a large 100mm2 active area with the

following spectral responses in colors of interest:

• Green (λ = 520nm) - 0.38 A/W

• Blue (λ = 470nm) - 0.33 A/W

• Violet (λ = 400nm) - 0.23 A/W

Even though APD spectral response numbers are much higher, low cost, larger active area

and short range requirements deem this photodiode as the best option. Unbiased operation

mode is chosen to minimize dark currents and enhance communication ranges.

Photodiodes are prone to noise due to ambient light and can, therefore, be challenging

to utilize near the water surface or in other well-lit areas [31]. In order to minimize the

ambient noise and enhance receiver’s SNR, a set of optic bandpass filters is utilized for the

wavelengths of interest. Edmund Optics Hard Coated OD 4.0 50nm bandpass filters are

selected with the following specifications:

• Violet - λc = 400nm
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• Blue - λc = 475nm

• Green - λc = 525nm

Filter center wavelengths are selected to match LED specifications (Figure 2.4) with

the largest bandwidth available. Figure 3.8 shows a transmission curve for the green color

(525nm) filter.

Figure 3.8: Edmund Optics BPF Transmission Curve for BW = 50nm and

λc = 525nm [32]

3.2 Receiver Circuit Design

In order to efficiently convert PIN sensor’s photocurrent into a readable voltage, a tran-

simpedance amplifier method is chosen, where an operational amplifier is utilized to convert

current to voltage while buffering the rest of the circuit [33].
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Figure 3.9: Photodiode Transimpedance Amplifier [34]

Figure 3.9 above demonstrates a generic photodiode transimpedance circuit, where a

signal voltage Vout is generated across RL based on the amount of current produced by a

photodiode:

Vout = IDZF (3.1)

Where ID represents the amount of generated photocurrent (A), and ZF represents a total

feedback impedance due to the feedback resistor RF and the feedback capacitor CF . In

general, operational amplifiers (op-amps) can be described as ”gain engines” for negative

feedback with single-ended output and extraordinarily high gain [33]. Op-amps are a starting

point of most analog circuits included in amplifiers, current sources, integrators, filters,

regulators, current-to-voltage converters, etc. [33]. They have two inputs: non-inverting

input (+) and inverting input (-), the difference between which dictates its output. The

output is positive if the non-inverting input is greater and vice versa. Op-amps inherently

have a very large internal gain and are almost never used without feedback [33]. To ensure

fast operations and excess bandwidth available, the Texas Instruments THS4631 operational

amplifier is chosen for this implementation. The THS4631 offers a large Gain BandWidth

(GBW) product of 210MHz, and a fast slew rate of 1000V/µs. Furthermore, its low current
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and voltage noise levels allow for amplification of significantly low amplitude input signals

while still maintaining a large signal-to-noise ratio [34]. These key characteristics make the

THS4631 an ideal option for a photodiode transimpedance amplifier. To ensure stability and

prevent excessive/additional oscillations and ringing, a small 10pF feedback capacitor CF is

placed in parallel with the feedback resistor RF to balance the photodiode’s large inherent

capacitance. Due to its large active area, the PS100-6b photodiode has a capacitance of

720pF in unbiased operation [30]. Typically, there are three main capacitance sources in a

transimpedance network. The total input capacitance, Cin, is determined as

Cin = CD + CA + CW (3.2)

Where CD represents photodiode capacitance, CA represents operational amplifier’s capaci-

tance, and CW represents wiring capacitance. In this circuit design, the photodiode’s main

source of capacitance, CD, is orders of magnitude higher than that of CA (3.9pF [34]). Wiring

capacitance is also assumed to be negligible in comparison to CD. Therefore, Cin can be

approximated such that Cin = CD = 720pF . Detector’s capacitance combined with the

feedback resistor forms a low-pass filter with a cutoff frequency (in HZ)

fRFCin
=

1

2πRFCin

(3.3)

Where fRFCin
represents the low-pass filter’s 3dB breakpoint (i.e. break frequency), which

results in lagging phase shift at higher frequencies. When combined with op-amp’s own

phase shift, the additional phase lag can produce oscillations [35].
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Figure 3.10: Magnitude portion of frequency response (in dB) of the transresistance

amplifier. Stability requiring the closed-loop gain curve to intercept the unity-gain axis at

a6 dB/octave slope [35]

Feedback capacitor CF is chosen in accordance with the Bode plot shown in Figure 3.10.

The photodiode’s CD stops 6dB/Octave rolloff of feedback network at fRFCin
, and capaci-

tance size is chosen so that resulting closed-loop gain reverts safely back to a 6dB/octave

slope before reaching the unity gain axis [35]. Unstabilized amplifier reaches unity gain at a

frequency located halfway between fRFCin
and fT , where fT represents the op-amp’s GBW.

This mid-point is known as the ”geometric mean frequency” and may be calculated as

fGM =
√

fRFCin
fT (3.4)

Where fGM represents the geometric mean frequency [35]. Based on Hill’s The Art of

Electronics, a good ”rule of thumb” for selecting a feedback capacitor is to maintain the

resulting RFCF cutoff frequency at about 70% of fGM such that

fC =
1

2πRfCf

=

√
fRFCin

fT
2

(3.5)
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Where fC represents the cutoff frequency (in Hz) of the low-pass filter resulting from the

total feedback impedance [35]. fC and the resulting feedback capacitance are calculated for

this design with the following selected values:

• Cin = CD = 720pF

• RF = 10kΩ: this value is chosen small enough to maintain adequate bandwidth (details

shown below) and large enough to maintain adequate SNR while detecting photocur-

rent at lower levels (i.e. longer ranges).

• fT = 210MHz (GBW for THS4631 op-amp) [34]

fRFCin
is calculated

fRFCin
=

1

2π · 10, 000 · 720 × 10−12
= 22.104kHz (3.6)

fGM is calculated as

fGM =
√

fRFCin
fT =

√
22.104kHz × 210MHz = 2.15 × 106Hz (3.7)

Cf can then be calculated per aforementioned ”rule of thumb” and Equation 3.5 such

that

Cf =
1

2πRf · 0.70fGM

=
1

2π · 10, 000 · 0.70 · 2.15 × 106
= 1.06 × 10−11F ≈ 10pF (3.8)

An alternative way of analyzing CF effects on transimpedance amplifier’s stability is by

comparing the effective damping ratio ζ (assuming a second order response), where fC =

0.7fGM results in slightly under damped system (i.e. ζ = 1) the quickest response without

excessive oscillations [35]. Figure 3.11 illustrates a visual example of underdamped, critically

damped and overdamped amplifier responses.
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Figure 3.11: Transimpedance amplifier step response example for three choices of Cf

corresponding to characteristic frequencies fC = 0.7fGM/ζ, with the damping ratio ζ equal

to (a) more underdamped, (b) slightly underdamped, and (c) overdamped. [35]

In order to further enhance signal amplitude, the transimpedance amplifier’s output is

fed into another op-amp circuit with a gain of 10. The resulting circuit diagram is shown

in Figure 3.12, where R1 = 10kΩ, C1 = 10pF,R2 = 1kΩ, R3 = 10kΩ. R1 value is chosen

to maintain adequate TIA bandwidth to accommodate signals at fC = 300kHz and provide

a readable signal. R2, and R3, values are sized to produce a large enough gain to enable

longer ranges, but small enough to avoid a large noise floor. These values are selected

experimentally, where post-filter noise floor (discussed below) remains < 200mV .
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Figure 3.12: Resulting transimpedance amplifier circuit diagram

A bandpass filter is designed and constructed in order to distinguish messages with trans-

mitter’s carrier frequency fc and to also filter (high-frequency) ambient noise. An active filter

design is selected, where the op-amps act as an ”active” circuit and provides buffers between

circuit stages (i.e., prevent interaction between circuit subsystems) [36]. A Multiple Feedback

BandPass (MFBP) circuit is selected and analyzed (shown in Figure 3.13).

Figure 3.13: Multiple feedback bandpass circuit [37]

MFBP is one of the simplest and most useful bandpass filter variations used in analog

electronics [36] and has the following characteristics:

• Q is limited to 20, where Q represents filter’s ratio of carrier frequency to bandwidth

(Q = fc/BW )
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• MFBP performance largely depends on the op-amp’s bandwidth (GBW restricted to

being greater than 2Q2fc) [36]

• Capacitor tolerances of 5% or less and resistor tolerances of 1% are required.

• MFBP bandwidth is determined by R2 and C values and is invariant of R1 and R3

values [36]

BW =
1

πR2C
(3.9)

• Resonant frequency, fR, is defined by

fR =
1

2πC

√
R1 + R2

R1R2R3

(3.10)

• Q is defined by

Q =
1

2

√
R3

R2

×
√

R1

R1 + R2

(3.11)

Instead of calculating resistor and capacitor values manually, a Texas Instruments Filter

Design tool is utilized in order to achieve the most optimal results for the filter’s noise re-

duction and output performance. A two-stage, fourth-order narrowband Butterworth design

is generated and is shown in Figure 3.14, and [from Pg.36]. The filter’s magnitude and phase

responses are shown in Figure 3.15.
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Figure 3.14: 4th order two-stage Butterworth bandpass filter with fC = 300kHz [38]

Figure 3.15: Calculated filter magnitude (left) and phase response (right) [38]

The bandpass filter has the following characteristics:

• fC = 300kHz, where fCS1 = 284kHz and fCS2 = 321kHz

• BW = 50kHz, with -3dB break frequencies of fL = 275kHz and fU = 325kHz

• Q = 6, where Q1 = 8.516 and Q2 = 8.521

• Overall filter gain Gfilter = 1.122

All resistors and capacitors selected for this filter are within 1% tolerance or greater.

Even though Texas Instruments OPA2690 op-amp is recommended in the design, OPA2889

is utilized in its place due to component availability. OPA2889 offers a GBW of 75MHz,
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which is sufficient for this design:

GBWmin = 2Q2fc = 2 · 62 · 300, 000 = 21.6MHz < 75MHz (3.12)

One major lesson learned during filter design stage is to properly choose an appropriate

carrier frequency to the desired bit rate, where bit rate
fC

≤ 1
20

should be maintained for optimal

performance. Figures 3.16 through 3.18 demonstrate the effects of varying carrier frequencies.

Figure 3.16: filter output (yellow) at fC = 10kHz and input signal at bit rate of 1 kbps

(blue)

Figure 3.17: filter output (yellow) at fC = 10kHz and input signal at bit rate of 5 kbps

(blue)
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Figure 3.18: filter output (blue) at fC = 100kHz and input signal at bit rate of 5 kbps

(yellow)

10kHz and 1 kbps filter output demonstrates a slight slope (Figure 3.15), which affects signal

interpretation during the analog-to-digital phase (width of bits varying with signal strength).

When bit rate is increased to 5kbps with the same carrier frequency (Figure 3.16), the filter’s

output is no longer readable (two iterations of a carrier wave per bit is not enough to trigger

an accurate filter output). When the carrier frequency is increased to 100kHz (with the

same bit rate of 5 kbps) (Figure 3.17), this results in a cleaner filter output and matches the

bit width and timing of that of the input signal. A carrier frequency of 300kHz is therefore

selected for this research and 5 kbps bit-rate is maintained to provide sufficient room during

filtering stage.

Figure 3.19: Analog stage CAD design (left) and printed circuit board (right)

Following the filtering stage of the receiver circuit, an additional op-amp with a gain of
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10 is added to the circuit to amplify the analog output and enable longer communication

ranges. The final analog design and circuit board are shown in the Figure 3.19 above.

Figure 3.20: LTC-1440 single comparator pinout diagram [39]

The analog-to-digital conversion circuit is designed next, where the analog output signal

is transformed into a digital form via a comparator. Figure 3.20 shows a pinpout diagram for

LTC-1440 chip. Comparators provide an important interface between analog input signals

and the digital domain [40]. Comparators enable 1-bit analog-to-digital conversion and

resemble a pinout similar to that of Operational Amplifiers. The comparator’s output goes

to a higher level signal (“high”) when non-inverting (+) terminal is greater than that of

the inverting (-) terminal and stays at a low level (“low”) otherwise [40]. A distinct benefit

of comparators is the fact that they do not saturate when operating without feedback [40].

In this design, the filter’s output is fed into the non-inverting terminal of the LTC-1440

comparator, while an external reference voltage is fed into the inverting terminal. Although

the LTC-1440 offers a reference voltage of 1.17V above the negative saturation voltage, this

reference voltage is too large to enable digital output signals to be triggered at far ranges

(200mV-400mV). An adjustable reference voltage is created due to the analog signal’s small
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noise floor variations with signal strength and ambient environment. The full analog-to-

digital circuit of the proposed design is shown in Figure 3.21.

Figure 3.21: Analog-To-Digital circuit diagram

Figure 3.22: AD5220 digital potentiometer pinout diagram and truth table [41]

A reference voltage digital control is designed by taking comparator’s available reference

voltage and feeding it into an op-amp. The reference voltage is then changed digitally
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by manipulating the op-amp’s gain via a digital potentiometer, which (in the case of this

work) is controlled by a Teensy 4.0 microcontroller. A pinout diagram and truth table

shown in Figure 3.22, which describe the control procedures for AD5220 0 − 100kΩ digital

potentiometer. Potentiometer resistance (between B1 and W1 pins) is manipulated by CLK

(pin 1), U/D (pin 2) and CS (pin 7). Resistance is increased by one unit per clock’s trailing

edge if CS-pin is ”low” and U/D pin is ”high”, decreased if CS-pin is ”low” and U/D pin

is ”low,” and remains fixed if CS-pin is ”high”. The output reference voltage becomes the

following:

Vref = (−5V + 1.17V ) × −Rpot

50kΩ
(3.13)

Controlling reference voltage with a potentiometer enables small reference voltage Vref

adjustments without the need to modify hardware. An example of the comparator’s digital

output and respective inputs is shown in Figure 3.23.

Figure 3.23: Analog input (yellow), adjusted reference voltage (blue), and comparator’s

digital output (magenta)

One important detail to note is the fact that the analog filter’s output (yellow) is inverted

prior to inputting its voltage into a comparator. This is achieved by using an additional
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operational amplifier’s inverting input (OPA-602BP not shown in the circuit diagram) in a

comparator configuration, where the non-inverting terminal is grounded and no feedback is

passed from the output. This stage is used to remove the filter’s negative voltage oscillations

and acts in place of a rectifier (Figures 3.15-3.17 show filter outputs ranging from -5V to 5V

during binary 1s, while noise floor is maintained approximately at 0 during binary 0s). Even

though it is not recommended to use op-amps in configurations with no feedback (including

comparator mode) [42], this configuration is, in fact, effective for this research. Once the

digital output (magenta signal in Figure 3.23) is available, it is stepped down from 5V to

3.3V (as Teensy 4.0 board pins do not support 5V signals [25]) and fed into the board for

digital processing. The final analog-to-digital circuit board is shown in Figure 3.24 and the

complete receiver photo is shown in Figure 3.25.

Figure 3.24: A-to-D stage CAD design (left) and printed circuit board (right)

Complete receiver photo is shown in Figure 3.25.
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Figure 3.25: Complete optical receiver system

3.3 Projected Received Signal Amplitude Calculation

First, projected light intensity (calculated in Equation 2.6) is used to calculate projected

photocurrent at the photodidode sensor such that

ID(λ) = DR(λ) × LI × APD (3.14)

Where DR(λ) is the photodiode’s responsivity for a given wavelength λ (discussed in

Section 3.1), LI is the projected light intensity calculated in Equation (2.6), and APD is

the photodiode’s active area (100mm2 in this case). Figure 3.26 shows a projected curve

of the received photocurrent for a variety of LEDs of interest to be tested. Although UV

photocurrent is projected to be slightly lower than those of blue and green at ranges below 8

meters, its projected values are strong enough to to convert to a readable signal. Photocur-

rent generated by the blue light is projected to produce signal values slightly higher than

those of UV and green (at all ranges).
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Figure 3.26: Projected photodiode current values

TIA’s projected voltage output is calculated next. To measure and compare signal

strength of each LED, the transimpedance amplifier stage of the receiver (Figure 3.12) is

utilized and slightly modified. R1 and C values are kept at 10kΩ and 10pF respectively per

calculations in the Equations 3.6 through 3.8. R3 value is changed for this specific experiment

to 196kΩ to maximize incoming signal’s gain and to reduce error while reading the values

during testing. 10kHz carrier frequency is utilized for this test and bits are sent at 1kbps

rate (the original setup prior to investigating and sizing the proper carrier frequency). Due

to mostly resistive nature of the TIA’s impedance, its capacitance is neglected for estimated

calculations as follows:

ZTIA =
RFZCF

RF + ZCF

= 9, 999.99̸ −0.36◦Ω ≈ 10kΩ (3.15)
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Where ZTIA represents the transimpedance amplifier’s total impedance and ZCF
represents

the impedance of the feedback capacitor (ZCF
= 1

jωC
). The projected output voltage is

calculated such that

Vout = (IDRF )

(
−R3

R2

)
(3.16)

Where ID is the projected current, RF = 10kΩ is the TIA’s impedance (Equation 3.15),

R2 = 1kΩ and R3 = 196kΩ. Figure 3.27 shows a graph of the projected output voltage signals

for violet (400nm), blue (460-470nm) and green (520-525nm) LED lights. Any value over 5V

is assumed to be 5V due to the saturation limit of the op-amps’s rail/power supply. Projected

voltage signal patterns match photocurrent predictions, where UV signal is projected to be

slightly lower at ranges below 8m and blue is projected to produce highest signal values at

all ranges.

Figure 3.27: Projected voltage output values
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CHAPTER 4

Underwater Experimental Tests

4.1 Experiment setup

A series of experiments are conducted in order to test calculated light and signal values.

First, the transmitter and receiver are placed into watertight enclosures and tested with a

pressure gauge to ensure water integrity. Blue Robotics 4-inch tubes are utilized [43] and a

blue robotics tether is connected to the receiver to enable signal measurements. Figure 4.1

shows transmitter and receiver tubes configured for underwater testing.

Figure 4.1: Receiver (left) and transmitter (right) tubes prepared for testing

The 60ft x 40ft x 20ft UNH Chase Engineering Tank is utilized for this experiment. Each

tube is connected to a 7-foot-long 3/4” PVC pipe, with the top of the pipe tied to a large

buoy and the bottom tied to a 5kg ballast weight. Tubes are placed in the water with both

transmitter and receiver located roughly eight to nine feet below the water surface. Figure

4.2 shows a photo of a submerged transmitter during testing.
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Figure 4.2: Transmitter tube during testing

The transmitter is left disconnected from the user (i.e., tetherless) for the duration of

this experiment with a binary message pre-coded into its board: 0010 1100 0100 1100 0111

0000 1111. The message is sent repeatedly for the duration of the experiment. Receiver’s

tether is connected to the work station (located at the side of the tank) which is utilized to

capture data throughout this experiment. A reference rope/line is ran across the tank with

1-meter increments (marked with tape) to track distance between transmitter and receiver

(Figure 4.3).
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Figure 4.3: Underwater system test setup diagram

The receiver is then separated from the transmitter at 1m increments, pointing with

direct line of sight with the transmitter. All received signals are recorded at the shore

station. These steps are conducted for blue, green, and violet LEDs selected in Chapter 2.

Figures 4.5 through 4.8 below show plots with the result summaries for each color.

Figure 4.4: Blue (470nm) received signal at 10m (left) and 18m (right)
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Figure 4.5: Actual TIA voltages

Figure 4.6: Green (520-525nm) actual vs. predicted
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Figure 4.7: Blue (460-470nm) actual vs. predicted

Figure 4.8: Violet (400nm) actual vs. predicted

There are two main phenomenons seen in the results:

• All colors are passing predicted values (blue and green at 7m and violet at 13m).
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• Violet performance is significantly lower than that of predicted values, while blue and

green performance roughly matches predicted values.

The first observation is determined to be caused by light’s reflection from the water’s

surface, which becomes significant at approximately the 7-meter mark. Figure 4.9 shows a

diagram utilized to examine this observation.

Figure 4.9: Light reflection diagram

The minimum reflection distance is calculated by utilizing instrument depth (2.5m),

transmitter’s dispersion angle (73.74◦) and Snell’s law, which yields the fact that θi = θR [44].

The following equation is utilized:

dreflection =
2h

tan(θTX ÷ 2)
≈ 6.7m (4.1)

dreflection represents minimum distance from the transmitter affected by the light’s reflection

from the surface, h represents the instrument’s depth, and θTX represents transmitter’s

dispersion angle. Based on calculations, reflection starts affecting receiver’s performance

just prior to the 7m mark, which matches measured observations (Figures 4.5-4.8). Figure

4.10 shows an image of transmitted light reflected from the tank’s water surface.
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Figure 4.10: Light reflection path from the water surface

Due to the limited tank size and a fairly strong light source, avoiding reflection during

testing is not possible. It is, therefore, simply excluded from the system’s performance

calculations in the future chapters.

The second observation of poor UV LED performance is also analyzed. This phenomenon

is described by poor LED efficiency common among the UV LEDs. According to Professor

Iftikhar Ahmad of University of South Carolina, current UV LEDs offer efficiencies of about

4-10% (compared to 80-90% for typical non-UV LEDs) due to high tendencies for absorp-

tion and internal reflection within materials utilized [45]. Typical UV-LED spectra ranges

between 210-360nm [46]. The LED utilized in this experiment (400nm) is somewhat close

to this range. As a result, UV LED’s efficiency η is adjusted to match observed values and

results in approximately 15% efficiency, which is much lower than the value of 90% utilized

to calculate predicted values. Figure 4.11 shows the adjusted plot.
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Figure 4.11: Violet LED (400nm) actual propagation compared to prediction adjusted for

efficiency of 15%

Due to poor efficiency and limited power available onboard UUVs, violet LED trans-

mission is not recommended and is removed from further considerations. If efficiencies are

improved by manufacturers in the future, this option can be reassessed. Blue-Green spec-

tra is recommended for optical communication depending on the water type (discussed in

Chapter 1). Blue wavelength (460-470nm) is utilized for the remainder of this research due

to clear water properties of the UNH Engineering Tank.

As the next step of system’s analysis, signal strength and Signal-to-Noise Ratio (SNR)

of the analog stage (Figure 3.19) are measured and analyzed. All resistance and capacitance

values are reverted to those calculated in Chapter 3. That’s RF = 10kΩ, CF = 10pF,R2 =

1kΩ and R3 = 10kΩ. The experiment is setup in the same manner as that previously

discussed (Figure 4.3), and the signal strength is recorded as the receiver is moved away

from the transmitter. Additionally, signal strength values are obtained for various receiver

divergence angle values with gradations of rotation away from the light source. Projected
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signal values are calculated with the following equation:

Vout = IDRF

(
−R3

R2

)
Kfilter

(
−R5

R4

)
(4.2)

Where ID represents the photocurrent calculated in Equation (3.14), RF represents the

feedback resistor, Kfilter represents the bandpass filter gain (1.122 per design specifications

[38]) and R4 and R5 represent the respective resistor values of the post-filter op-amp with a

gain of 10 (R4 = 1kΩ, R5 = 10kΩ). A plot containing captured signal values and a projected

trend calculated above is shown in Figure 4.12, and two signal screen capture examples are

shown in the Figure 4.13. A significant gap is present between observed and predicted SNR

values, with observed signal values being greater than predicted.

Figure 4.12: Projected (blue) vs. collected (yellow) signal values of the filtered analog stage
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Figure 4.13: Blue (470nm) filtered signal strength at 10m (left) and 18m (right)

A significant gap between projected and actual values is determined to be caused by the

filter gain of K = 1.122. All other values are known and verified. Filter gain is, therefore,

adjusted to a new value of 2.6 to match collected data points (shown in Figure 4.14).

Figure 4.14: Projected (filter gain K adjusted to 2.6) vs. collected signal values of the

filtered analog stage

A signal-to-noise ratio (SNR) is calculated and plotted based on the measured noise floor

value of 120mV. SNR plot is shown in Figure 4.15. At this point of design, an SNR value
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of 2 is determined to be the smallest discernible signal, which yields a maximum detectable

range of just over 18m in clear water. Actual minimum (i.e., readable) SNR values will be

tested and presented in Chapter 5.

Figure 4.15: Signal-To-Noise Ratio

In addition to signal deterioration with increasing distances away from source, signal

attenuation vs. divergence angle is measured. Signal values are recorded as the receiver

is turned away from the transmitter. Figure 4.16 shows the plot of captured values and a

”trend line” function fitted to match collected data points such that
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Figure 4.16: Signal vs. Divergence Angle θ

V

Vθ=0

≈ cos(2.7θ − 14) (4.3)

Based on the Eq.(4.3) (as well as experimental results), receiver signals become unread-

able at divergence angles greater than 39 degrees regardless of the distance from the trans-

mitter. Based on signal attenuation due to increasing range and/or angle, a performance

model is constructed and is shown in Figure 4.17. It can be seen that this design is capable

of receiving readable signals (assuming SNR=2 is readable) at distances of over 18 meters

with direct line of sight, and distances of 15 meters with divergence angles of less than 30

degrees from the source. If greater distances are required, a more powerful transmitter LED

can be utilized and modeled with the steps discussed in Chapters 2-4.
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Figure 4.17: Optic communication system’s calculated performance in the UNH engineering

tank (clear water)
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CHAPTER 5

Digital Signal Processing

5.1 Reading And Interpreting Incoming Messages

Once filtered and digitized signal enters the processing board’s I/O pin, the following steps

and procedures take place to recognize the message:

• Interrupts are set up for the I/O pin. This enables the electrical circuit to detect

incoming signal and move into its Interrupt Service Routine (ISR) [25] to start the

signal processing routine. High-To-Low interrupts (i.e., signal drops) trigger a different

ISR function compared to that of Low-To-High interrupts (i.e., signal rise).

• Bit length is determined based on the system’s transmission speed. For example, for

a 5kbps transmission rate, a length of one bit is 200us.

• A Delta value is pre-determined to indicate to the system where in the message struc-

ture 1-bits are interpreted.

• Timers are incorporated to capture the duration of “1” (one timer) and “0” (zero timer)

As the signal enters the electrical configuration, it pulses with a frequency fC during a

binary “1” for the duration of a length of one bit (bit length). During a binary “0”, the signal

is low for the bit length duration. Figure 5.1 shows a visual diagram of the bit interpretation

process.
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Figure 5.1: Signal Interpretation Diagram

Once the signal is detected (during a Low-To-High interrupt) a one timer starts recording

the length of “ones” being transmitted. Once the signal returns to a binary “zero” (deter-

mined by the Delta threshold as shown in the Figure 5.1), the amount of transmitted “ones”

is calculated and added to the message queue (an array of binary values). The following

equation calculates the amount of “ones”:

N1 =
one timer − ∆

bit length
(5.1)

In a similar fashion, when the signal reaches another binary “one” (Low-To-High in-

terrupt), the amount of transmitted zeros is calculated and added to the message queue

with

N0 =
zero timer

bit length
(5.2)

Figure 5.2 shows a detailed flow chart of this algorithm, and Appendix A1 provides the

pseudo code implemented in this research. In addition to the items previously discussed,
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this algorithm continuously times activity on the receiver’s I/O pin and triggers a message

timeout if this timer passes a certain threshold (determined by the user). If timeout is

detected, all flags, timers, interrupts and values are reset to those equivalent of a “standby

and listen” mode.

Figure 5.2: Signal interpretation flow chart

A clear disadvantage in using this software structure is that any random noise values

during binary zeros may cause premature readings and result in either extra or missing bits

in the detected message. This phenomenon causes a shift in the message and prevents the

circuit configuration from enabling successful message recognition. In order to minimize this

error, a short packet structure is selected. Figure 5.3 shows the packet structure chosen for

this work. The packet structure consists of:
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Figure 5.3: Message packet structure

• Start sequence - enables the electrical board to distinguish an actual message from

noise. In this work, 0010 1100 (0x2C) is selected as the start sequence, and the board

begins to interpret the remainder of the packet once starting sequence is spotted.

• Destination address - an address of the intended recipient. This portion is intended to

enable senders to transmit traffic to specific nodes in a multi-UUV network.

• Sender ID - an address of a node sending the message. As with the destination address,

this portion of the packet enables multi-UUV communication protocol.

• Message - a body of a message containing short messages/commands (e.g., control/-

position commands).

Figure 5.4: Example message captured during system testing

Figure 5.4 above shows a small message captured during system’s testing. Instead of

outputting 0x2C (start packet), the electrical board prints “packet recognized” statement to
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alert the user that the message is successfully identified as valid. Following the statement,

the message contains a destination address of 0xFF (all nodes), a sender’s ID of 0x01 (node

1), and a message body of 0xB5 (random HEX value chosen).

5.2 System Performance Experiment

To analyze the system’s overall performance and limitations caused by the digital processing

error, an experiment is set up and bit-error-rate is measured for various divergence angles

and SNR values. To start with, the receiver is placed such that it is pointing directly at

the transmitter (i.e., no divergence angle). The transmitter is programmed to transmit a

randomly generated 10-byte message (excluding the start sequence), which is recorded via a

serial terminal once captured and processed by the receiver. This process is conducted ten

times per angle for the following divergence angle values: 0◦ 10◦ 20◦ 30◦ 35◦ and 38◦. Figure

5.5 shows the diagram of this experiment’s setup.

Figure 5.5: Bit-Error-Rate experiment setup

In addition to the angle and signal values, SNR values are also recorded. The following

binary sequence is randomly generated and programmed into the transmitter:
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7B 4E 85 5C 5C 5C 50 ED 00 C4

Two separate transmission modes are recorded for this experiment: continuous transmission

(constant flashing) and a single message (flashing every 2 seconds). Figures 5.6 through 5.9

show the resulting bit error rates.

Figure 5.6: Bit-Error-Rate vs. Divergence Angle during continuous transmission
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Figure 5.7: Bit-Error-Rate vs. SNR during continuous transmission

Figure 5.8: Bit-Error-Rate vs. Divergence Angle during single-pulse transmission

Figure 5.9: Bit-Error-Rate vs. SNR during single-pulse transmission

To summarize the results, the system’s performance is acceptable and transmission is

appropriately accurate for SNR values of greater than 4. Single-pulse transmission shows
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weaker SNR values for the same source distances (and, therefore, lower divergence angle

limits). In addition to the SNR, it is determined that the system in its current configura-

tion can not process incoming data at divergence angles of greater than 35◦ regardless of

transmission range. Based on these experimental findings, a new performance plot (adjusted

for SNR and angle) is shown in Figure 5.10. In short, the current system configuration can

accurately transmit, receive, digitize and interpret data packets at ranges of just under 15

meters (pointing directly at its target receiver) and divergence angles of up to 35◦ (but with

lower transmission ranges).

Figure 5.10: calculated system performance adjusted to a minimum value of SNR=4
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CHAPTER 6

Multi-UUV Communication

6.1 Two-Node Communication

Based on the research and experimental data achieved in previous chapters, this experi-

ment’s two-way communication is achieved via two different transmitter LED wavelengths

and corresponding carrier frequencies. First, communication nodes are configured as shown

in Figure 6.1. The transmitter and receiver boards are connected to each other via serial

communication, and receiver board’s I/O pins are connected to small LEDs. For two-way

communication, Node 1 transmits via blue LED and Node 2 via a green LED.

Figure 6.1: Optical Communication Node Setup

Each node’s optic filters are set up to receive each wavelength accordingly. In addition

to different LED spectra, two nodes utilize different carrier frequencies: Node 1 transmits at
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10kHz, while Node 2 transmits at 100kHz. Each receiver’s band pass filter frequencies are

adjusted accordingly. 1kbps bit rate is utilized for this experiment to enable data processing

for a 10kHz receiver. The bit rate-to-fC ratio is less than 1/20 but message processing is

still possible, albeit not optimal. Figure 6.2 shows the two-node setup.

Figure 6.2: Two-Node Communication

The following sequence is implemented to test this two-node communication configura-

tion:

• Node 1 (flash LED) to Node 2. If the message is received, Node 2 flashes a test LED.

• Node 2 (flash LED) to Node 1. If the message is received, Node 1 flashes a test LED.

• Repeat sequence

During this experiment it is found that both nodes successfully interpret incoming mes-

sages with simultaneous transmission (i.e., when Node 1 and Node 2 flash messages at the

same time). Both nodes successfully and reliably flash their respective test LEDs as a sign

of confirmation.
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6.2 Higher-Node Communication

Even though it is shown that communicating with different carrier frequencies and different

light wavelengths is an effective method based on the aforementioned experiments, this

method is not feasible for a network of three or more nodes (UUVs) in the configuration

used in this research mainly because of the high number of sensors and instrumentation

required. Each fC and light wavelength requires its own dedicated transmitter-receiver

pair. Therefore, a multiplexing approach is taken to resolve this requirement. Multiplexing

method is common in today’s telecommunication systems and involves combining two or more

information channels into a single transmission medium [47]. Specifically, a time division

multiplexing (TDM) scheme is utilized, which involves merging multiple data streams into

a single communication channel by separating the time window into multiple segments [47].

In this case, each UUV is given a certain time window to transmit information, as shown in

Figure 6.3 for a 3-UUV communication network configuration

Figure 6.3: Multi-Node Time Division Multiplexing

All UUVs use the same carrier frequency and light wavelength, and, instead, subdivide a

single communication channel into multiple time segments. A 300kHz carrier frequency and

5kbps bit rate are utilized in this research. First, transmission length of one packet (Packet

Length) is calculated for a packet size of 11 bytes and transmission speed of 5kbps:

PL =
packet length

bit rate
=

11 bytes× 8 bits/byte

5kbps
= 17.6ms (6.1)

Where PL represents packet length. For a 17.6ms packet, a 20ms Window Length (WL)

is assumed. A TDM timing diagram is shown in Figure 6.4. Each UUV (node) is given a
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20ms window to transmit data, where packet transmission must start between the beginning

of this window and ∆t = WL − PL = 2.4ms after the window start to avoid overlap with

the next node’s transmission window. The combined channel bit rate is calculated with the

following equation:

Figure 6.4: TDM channel structure

Channel Bit Rate =
Packet Size

NNodes ·WL
=

88 bits

3 nodes× 20ms
= 1.466kbps (6.2)

where NNodes represents number of nodes (i.e., UUVs) on the network, and WL represents

the length of time window of each node.
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Figure 6.5: Three-Node Experimental Setup

To test this setup, three nodes are configured as shown in Figure 6.5. The nodes are

placed in a static configuration at the angles sufficient to support sensor’s divergence angle

limits (discussed in Chapters 4 and 5). The following sequence is programmed into the

network:

• All nodes await a command to initiate timers and commence communication.

• Node 1 transmits “start the timers and initiate communication” packet. (All nodes

start timers simultaneously, and each node tracks its respective communication window

as per Figure 6.4).

• Simultaneous communication between UUVs, where the test LED of each node has a

100ms timer associated with its LED, which turns off the LED unless constant “turn

on LED” commands are received.

• Node 1 (flash LED) to Node 2. If the message is received, Node 2 flashes a test LED.

• Node 2 (flash LED) to Node 3. If the message is received, Node 3 flashes a test LED.
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• Node 3 (flash LED) to Node 1. If the message is received, Node 1 flashes a test LED.

• Repeat sequence

Testing in this research is successfully completed with all test LEDs turning on (showing

successful message reception in TDM sequence). One key note to discuss is the clock drift,

where each Node’s clock eventually drifts out of sync for reasons as aging and environmental

factors and others [48]. To prevent the overlapping of communication windows between

nodes, clocks must be periodically reset. For this study, a 1-minute interval is chosen as

a time increment from which to reset all clocks. A detailed analysis of clock errors is not

conducted in this experiment.
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CHAPTER 7

Conclusion and Future Work

7.1 Future Work And Other Applications

Although all system components are successfully tested and yielded acceptable experimental

results, some work still remains prior to successful integration into the UUV formation. First,

a complete system must have a way to estimate maximum communication ranges in various

water types. As discussed in Chapter 2, estimating light’s attenuation coefficient Kd can be

challenging, and variation between different water types can be significant (e.g., clear water

compared to a turbid coastal harbor). The U.S. Environmental Protection Agency (EPA)

offers a solution to this problem by implementing a nephelometry method. Turbidity can

be determined by comparing the sample’s scattered light intensity under defined conditions

to the light intensity scattered by a standard reference suspension [49]. In other words, a

photodiode detector can be centered at 90◦ to the incident light path (as shown on the left

in Figure 7.1), which would detect light levels reflected from suspended particles (as shown

on the right in Figure 7.1).
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Figure 7.1: Nepholometry setup (left) and light reflection from suspended particles (right)

Light reflections in clear water are expected to be significantly less than those of turbid waters

due to the amounts of suspended particles present. Photocurrent generated by the reflected

light can be converted into a voltage and then digitized to be used for Kd calculations. These

calculations would then yield communication range approximations. This data can then be

used to adjust UUV formation ranges.

In addition to Kd approximation, the proposed configuration’s analog-to-digital stage

limits the system’s overall performance. Specifically, the timing sequence is prone to error

in the presence of noise during binary ”0” transmission. As discussed in Chapter 5, a noise

spike could inadvertently insert a character and shift the entire message. (For example,

“0101” can mistakenly turn into “00101.”) In other words, one bit error can distort the

entire message. To improve Bit Error Rate (BER) each bit should be timed once in its

center instead of utilizing timers. Figure 7.2 shows the process diagram.
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Figure 7.2: A more efficient timing method of a digital signal to improve BER

In this case, a single bit error does not affect the remainder of the message being processed.

An envelope detector shown in the Figure 7.2 is already in place (created by the no-feedback

ap-amp configuration discussed in Chapter 3 and shown in Figure 3.23). For future work,

a digital signal processing scheme can be adjusted to match the timing sequence shown in

Figure 7.2. This improvement could result in enhanced system performance and the ability

to send larger data packets for longer communication ranges.

To successfully control a UUV formation, each vehicle must have a 360◦ reception view.

A single PS100-6b photodiode sensor tested in this research is limited to a 70
◦

divergence

angle. Therefore, a photodiode array could provide a fully functioning 3-D system. In a

two-dimensional setting, this can be achieved by placing sensors at 60-degree intervals as

shown in Figure 7.3. Here, a60◦ divergence angle is chosen (instead of 70◦) to accommodate

a 10◦ overlap.
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Figure 7.3: Concept for a 2-D array for enabling 360-degree reception

All photodiodes within the array can be connected in parallel as shown in Figure 7.4. Addi-

tional circuit analysis is required due to high CD-capacitance values of each photodiode. A

360-degree 3-D view can be achieved in the same manner with additional photodiodes and

calculations.

Figure 7.4: Photodiode array circuit

7.2 Difficulties And Advice To Future Students

Even though there was no “easy” part of this research, some areas presented more challenges

than others and required creative solutions. In general, this work relies heavily on analog

electronics and circuit analysis. In addition to taking ECE coursework and getting familiar

with analog electronics, I strongly encourage students interested in this work to refer to
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and get familiar with The Art Of Electronics by Paul Horowitz and Winfield Hill [50].

This reference contains tools to many creative solutions utilized throughout this research.

Another advice is to divide projects into small increments and test as often as possible.

Troubleshooting small components (e.g. TIA, BPF, A-to-D...etc) was significantly easier

than attempting to tackle the entire system.

7.3 Conclusion

In short, a cost-efficient, short distance optical communication system capable of supporting

formation control of multiple UUVs is designed and tested. Underwater light propagation is

studied and tested, yielding a method to model and predict transmitter and receiver perfor-

mance at various ranges and divergence angles. Receiver circuit is designed and implemented,

enabling signal filtering and processing. And finally, a multi-node TDM protocol is created

and tested, allowing for multi-UUV communication via the same optical wavelength, λ, and

carrier frequency, fC . An experimental proof-of-concept of all subsystems is provided, which

shows the proposed optical communication system as viable for future full integration.
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APPENDIX A

A1: Receiver Bit Recognition Pseudocode

1 void setup ( )

2 {

3 /∗ s e t up i n t e r r u p t s f o r the r e c e i v e r I /O pin :

4 ∗ I f I /O pin goes from LOW to HIGH, i n t e r r u p t i s t r i g g e r e d and

5 ∗ HIGH INTERRUPT() func t i on i s executed

6 ∗ I f I /O pin goes from HIGH to LOW, LOW INTERRUPT() func t i on i s executed

7 ∗/

8

9 a t ta ch In t e r rup t ( d i g i t a lP inTo In t e r rup t ( r e c e i v e r p i n ) , HIGH INTERRUPT, RISING ) ;

10 a t ta ch In t e r rup t ( d i g i t a lP inTo In t e r rup t ( r e c e i v e r p i n ) , LOW INTERRUPT, FALLING) ;

11

12 /∗

13 ∗ Declare the f o l l ow i n g va l u e s :

14 ∗

15 ∗ b i t l e n g t h − l e n g t h o f a s i n g l e b i t . For example , a t 5 kbps , 1 b i t l a s t s 200us

16 ∗

17 ∗ d e l t a − a per iod o f time to i d e n t i f y t r a n s i t i o n between 1 and 0 . This va lue

18 ∗ shou ld be sma l l e r than b i t l e n g t h but l a r g e r than ca r r i e r wave pu l s e l e n g t h

19 ∗

20 ∗ t imeout amount − a l en g t h o f time which would t r i g g e r an end/ l o s s o f message .

21 ∗ Should be a l en g t h o f about 10−20 b i t s depending on packe t s t r u c t u r e

22 ∗

23 ∗ s t a r t p a c k e t [ ] − a sequence o f b i t s t h a t enab l e s the system to d i s t i n g u i s h an

24 ∗ ac t ua l message from noise . I f a s t a r t packe t i s i d e n t i f i e d w i th in i n t e r p r e t e d
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25 ∗ message , i t w i l l be f u r t h e r processed ( or d i s r e garded o therw i s e ) .

26 ∗/

27 }

28

29 void main loop ( )

30 {

31 i f ( z e r o t ime r > de l t a && one t imer > de l t a )

32 {

33 /∗ t r a n s i t i o n between one and zero i s i d e n t i f i e d , c a l c u l a t e number

34 ∗ o f ones t ransmi t t ed :

35 ∗/

36 number of ones = ( one t imer − de l t a ) / b i t l e n g t h ;

37 add ones ( number of ones ) ;

38

39 // s top one t imer and r e s e t i t to zero

40 r e s e t on e t ime r ( ) ;

41 }

42 i f ( t imeout t imer > timeout amount )

43 {

44 //message ended , r e s e t a l l f l a g s and va l u e s .

45 }

46 }

47

48 void HIGH INTERRUPT()

49 {

50 i f ( r e c e i v ing mes sage == 0)

51 {

52 //a f i r s t b i t o f the message i s be ing read , thus a r e c e i v i n g f l a g i s s e t to 1 :

53 r e c e i v ing mes sage == 1 ;

54 s t a r t on e t ime r ( ) ;

55 s t a r t t imeou t t ime r ( ) ;

56 }

57 i f ( z e r o t ime r > de l t a && rece i v ing mes sage == 1)
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58 {

59 // t r a n s i t i o n between zero and one i s i d e n t i f i e d :

60 s t a r t on e t ime r ( ) ;

61 number o f zeros = ze ro t ime r / b i t l e n g t h ;

62 add zeros ( number o f zeros ) ;

63 }

64 r e s e t z e r o t im e r ( ) ;

65 r e s t a r t t imeou t t ime r ( ) ;

66 }

67

68 void LOW INTERRUPT()

69 {

70 s t a r t z e r o t im e r ( ) ;

71 }

72

73 void add ones ( int number of ones )

74 {

75 /∗Add a number o f ones c a l c u l a t e d in t o the message array :

76 For example , i f curren t array i s 010 and two ones are de tec ted ,

77 New message array becomes 11010∗/

78 i f ( current message [ ] == s t a r t pa ck e t [ ] )

79 {

80 //message recogn i z ed as v a l i d ( not no i se ) and w i l l be f u r t h e r processed

81 }

82 }

83 void add zeros ( int number o f zeros )

84 {

85 //same func t i on as add ones ( ) above , but adds ze ros to the message array

86 i f ( current message [ ] == s t a r t pa ck e t [ ] )

87 {

88 //message recogn i z ed as v a l i d ( not no i se ) and w i l l be f u r t h e r processed

89 }

90 }

86


	Multi-Uncrewed Underwater Vehicle (UUV) Optical Communication System Design
	Recommended Citation

	ACKNOWLEDGEMENTS
	ABSTRACT
	Introduction
	Overview of Uncrewed Underwater Vehicles (UUVs) 
	Current Communication Methods Utilized by Underwater Vehicles
	Performance Issues With Wireless UUV Communication Today
	Thesis Outline

	Underwater Transmitter Design
	Underwater Light Attenuation
	Selecting a Light Source and Calculating Predicted Performance
	Transmitter Circuit Design

	Underwater Receiver Design
	Introduction to Photodiodes
	Receiver Circuit Design
	Projected Received Signal Amplitude Calculation

	Underwater Experimental Tests
	Experiment setup

	Digital Signal Processing
	Reading And Interpreting Incoming Messages
	System Performance Experiment

	Multi-UUV Communication
	Two-Node Communication
	Higher-Node Communication

	Conclusion and Future Work
	Future Work And Other Applications
	Difficulties And Advice To Future Students
	Conclusion

	LIST OF REFERENCES
	A1: Receiver Bit Recognition Pseudocode

