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Abstract — The transition from acoustic to underwater optical 

communication links poses many constraints in terms of the 

maximum link distance since the latter can only be used in very 

short-range communications (<0.1 km). Despite this fact, visible 

light communication systems represent a disruptive change for 

Autonomous Underwater Vehicles and/or underwater sensor 

networks, allowing for much higher data rates than those 

achievable with acoustic links. Blue Ray is a compact, low power, 

inexpensive, and lightweight optical modem designed for fast data 

transmission between MEDUSA underwater vehicles at ranges of 

up to 15 m in clear water. The original design uses On-Off Keying 

(OOK) at the physical level, with data rates of 20-200 kb/s over 

short-range, line-of-sight, configurations. The present work 

examines alternative modulation formats – Pulse Amplitude 

Modulation (PAM), Pulse Position Modulation (PPM), and Pulse 

Width Modulation (PWM) –, which can be implemented in the 

existing hardware of Blue Ray and potentially yield improved 

rates or robustness. The results of simulations and real-world 

testing under controlled conditions show that, from all the studied 

modulation techniques, PPM is generally more power efficient, 

maximizes the signal-to-noise ratio, and has a higher average 

bitrate than OOK (for the same achievable Bit Error Rate), despite 

the lower spectral modulation efficiency. Very good agreement is 

found between theoretical predictions and the optical modem’s 

experimental performance. 

Keywords— Underwater Wireless Optical Networks (UWON), 

Autonomous Underwater Vehicle (AUV), Visible Light 

Communication (VLC), On-Off Keying (OOK), Pulse Position 

Modulation (PPM).  

I.  INTRODUCTION 

According to the National Oceanic and Atmospheric 
Administration (NOAA), 70% of the Earth is covered by the 
Ocean, 95% of which has its bottom still unexplored. To 
corroborate the need of lowermost ocean monitoring, a recent 
World Wildlife Fund (WWF) [1] estimates 24,2 × 1012 USD of 
value capable of being extracted, thus making the Ocean the 
seventh largest world economy with an annual Gross Marine 
Product (GMP) of approximately 2,5 × 1012 USD.  

So, what are the main areas of interest to grasp the full economic 
potential of the ocean? In addition, how can it be done in a safe 
and efficient manner? To answer the first question, it is 
convenient to look at Fig. 1. which states the main areas of 
interest in a future submarine development. 

The answer to the second question is based on what is 
acknowledged as the state-of-the-art in submarine 
monitorization, which comprises two kinds of equipment – 
firstly, sensor networks proficient in measuring parameters of 

their surroundings and, secondly, AUV’s (Autonomous 
Underwater Vehicles) capable of transporting the gathered 
information from the sensors to the Ocean’s surface where it is 
routed to an onshore datacenter and processed. As the name 
goes, these vehicles are completely autonomous, making them 
fully uncoupled from a vessel or human intervention, and ideal 
for long-term underwater missions of more than one order of 
magnitude above the maximum depth humans can dive into. 

 

Fig. 1 - Potential areas for submarine development (adapted from [2]) 

Technology-wise, optical communications (mainly VLC) 
establish a different paradigm in the design of underwater 
communication links because the attenuation coefficient is much 
higher than underwater acoustic networks (thus limiting the 
maximum link distance), the main sources of noise and fading 
are completely different, but then, the typical bandwidth is three 
orders of magnitude above the typical acoustic link bandwidth, 
making it the perfect candidate for very-short communication 
links in terms of maximization of the achievable bitrate. An 
abbreviated comparison of these two technologies is depicted in 
TABLE 1. 

TABLE 1 - Comparison between submarine technologies (adapted from [4]) 

 Acoustic Link VLC link 

Bandwidth ≅ 𝑘𝐻𝑧 ≅ 𝑀𝐻𝑧 

Multipath ≅ 𝑚𝑠 ≅ 𝑛𝑠 

Fading Causes Multipath Turbulence 

Refractive Index Non-linear, with depth Non-linear, with depth 

Doppler Effect 
Considerable 

(𝑣 ≅ 1500 𝑚/𝑠) 
Insignificant 

(𝑣 ≅ 2,253 × 108 𝑚/𝑠) 

Noise Sources 
Ambient and 

biological 
Quantum and solar 
background noise 

Typical range > 1 𝑘𝑚 < 100 𝑚 

 
Finally, to accomplish a high bitrate VLC link, it is mandatory 
to achieve an increasing modulation spectral efficiency, using 



new modulation techniques that can, for the same bandwidth, 
transmit more bits per second - this is the problem that the 
present study aims to solve, using inexpensive equipment: 
optical sources (LEDs) and optical receivers (PIN photodiodes - 
PINPD). 

Regarding the state-of-the-art in UWOC, beginning in 2005, in 
[4] is presented a data mulling system based on LEDs, capable 
of achieving 320 kbit/s up to a maximum distance of 2,2 m from 
node and mule. The year after, a unidirectional system based on 
LEDs was proposed [5], and another, using frequency 
modulation, was firstly established [6]. In 2010 an experimental 
setup using an array of LEDs (with a central wavelength of 470 
nm) and DPIM modulation could achieve a maximum bitrate of 
2,28 Mbit/s in a 50 m long link. In [7], the authors propose a 
near-ULC (Ultraviolet Light Communication) system working 
in 385-405 nm with a comparative rejection-ration to blue-green 
LEDs of up to 15 dB, making this kind of setup more immune 
to solar background noise and ideal for shallow-water 
communications, despite the decrease in the maximum link 
distance (due to the increase of the attenuation coefficient, 
compared to the blue-green region). PINPD’s are also subject of 
study in [8], where the author concludes that the main source of 
noise inherent to this optical component is thermal noise, and not 
quantum shot noise as in the case of an Avalanche photodiode 
(APD). 

About the performance of underwater wireless optical 
communications, in [9] and [10] is studied the effects of the bit-
error rate (BER) on plane and spherical Gaussian beams as well 
as the variation of the error rate using a spectroscopic refractive 
index analysis, respectively. Another interesting study is [11] 
where it is used the Monte Carlo method and passive reflectors 
in Line of Sight (LOS) configuration to conclude that the 
bandwidth of the underwater optical channel, in turbid water is, 
approximately, 100 MHz, dropping to 20 MHz in a Non-Line-
Of-Sight (NLOS) configuration, in clear water. On the other 
hand, digital coding techniques, like an underwater-optical-
Turbo compatible code is proposed in [12], providing a 1-2 dB 
net coding gain compared to single and double parity-checking 
codes. The next image (Fig. 2) shows a detailed view of how a 
UWOC can be designed, as well as the interconnection with 
AUV – AUV communication, and the rerouting of data to an 
onshore datacenter, where the information is processed and 
analyzed. 

 

Fig. 2 – Design of an Underwater Sensor Network 

This study aims to grasp the basic concepts of UWOC, mainly 
focusing on new easy to implement modulation schemes with 
added modulation spectral efficiency, thus achieving a higher 
bitrate for the same bandwidth. 

II. THEORETICAL OVERVIEW 

A theoretical generalization of an underwater optical system 

consists of an optical emitter (composed by a coder, a 

modulator, an optical source, an emitting lens and a beam 

steering system), the submarine channel and a receiver (divided 

into a receiving lens, a detector, a digital signal processing 

system and a demodulator), like the one in Fig. 3. To simplify 

the current analysis, we will only characterize one element of 

the emitter - the optical source, firstly, and then another element 

of the receiver - the detector, as well as the optical channel. 

 
Fig. 3 – Simplified scheme for the underwater Free Space Optical 

communication (FSO) process 

 

A. Optical Source 

The optical source is one of the most import components in any 
UWOC system and is responsible by the electrical-optical 
conversion of the signal to send. Nowadays, there are two optical 
sources available for generalised use: LASER (Light 
Amplification by Stimulated Emission of Radiation) or LED 
(Light Emitting Diode). As for the former, there are many kinds 
of LASERs depending on the central wavelength of emission, 
type of application, price and working temperature. In UWOC 
the most well used are semiconductor LASERs due to their high 
power, high efficiency, and small size-factor [3]. On the other 
hand, LEDs are inexpensive optical sources mainly used in 
extremely short (< 10 m) UWOC systems due to the inferior 
emitting power (compared to LASERs), inferior modulation 
bandwidth (more than 50 times less than LASERs), superior 
spectral linewidth (thus, less immune to noise sources, like solar 
background noise) and whose central wavelength is in the blue-
green region of the visible spectrum (due to the attenuation, as 
we will see in the next subsection). 

The choice between one or another depends on the central 
emitting wavelength, required link bitrate, optical signal 
bandwidth, working temperature, size and equipment 
robustness. As a thumb rule, if the UWOC that is being designed 
is less than 10 m or in the aphotic or disphotic depth region, then 
it is possible to consider LEDs as an optical source, otherwise, it 
is not. 
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TABLE 2 -LASER/LED comparison, working in blue-green spectral 

region (adapted from [3]) 

Optical Source Type of source Central Wavelength 

LASER Argon-ion 455 – 529 nm 

LASER Doubled Nd: YAG 
532 nm (green) 

473 nm (blue) 

LASER Doubled Ti: Sapphire 455 nm 

LASER Frequency doubled Nd: YAG 532 nm 

LASER Metal vapour 

441,6 nm 

570 nm 

578 nm 

LASER Semiconductor 

450 – 470 nm 

(InGaN) 

375 – 473 nm (GaN) 

LASER Fibre 518 nm 

LED 
 InGaN/GaN, GaP, AlGaInP, 

AlGaP, ZnSe, InGaN 
455 – 475 nm 

 

B. Optical Detector 

The optical detector is responsible for the optical-electrical 

conversion of the receiving signal, and in a UWOC system it 

should have seven main features: high sensitivity to the central 

emitting wavelength and low sensitivity to other parameters in 

the system, high gain, low insertion loss and added noise, low 

cost and long lifespan. Hereupon, there are two main groups of 

optical detectors that can work in blue-green region of the 

electromagnetic spectrum: photomultiplier tubes (PMT’s) and 

semiconductor photodiodes (PINPD and APD). 

The former consists of a vacuum tube with a window, a 

photocathode, an electron multiplier and an anode, where 

electrons enter through the window and are then concentrated, 

accelerated, multiplied and then recovered in the anode. The 

fact that this device is bulkier than the next two, higher priced 

and energetically wasteful are some of the reasons why PMT’s 

are not so popular amongst UWOC systems, despite their large 

gain and low noise. 

The PINPD is the most inexpensive optical detector and, 

probably, the most used. It is composed by a p-i-n junction 

operated in the inversely polarized mode, where the substrate is 

doped by a unary/ternary compound, typically, depending on 

the required receiving window central wavelength, and the p-n 

junction, if doped, is lightly. 

Finally, APD’s are, on the other hand, p-i-p-n junction 

semiconductors, with an intrinsic gain (called avalanche gain), 

capable of producing more than one electron-hole pair per 

incident photon. 

It is now important to define some basic aspects of any optical-

electrical receiver. Firstly, the quantum efficiency (𝜂)  is 

defined as the fraction between the electron-hole generation rate 

and the incident photon rate. This expression has the same 

meaning as the one which follows: 

 𝜂 =
𝑖/𝑞

𝑝𝑖/ℎ𝑓
 (1) 

Such that 𝑖  is the electrical current, in [𝐴] ; 𝑞  is the electron 

charge, in [𝐶];  𝑝𝑖  is the optical power, for a given electrical 

current, in [𝑊]; ℎ is the Planck constant, in [𝐽. 𝑠], and 𝑓 is the 

frequency, in [𝐻𝑧]. 

Another important ratio is the responsivity of a photodiode 

(𝑅𝜆) , a measure of the optical-electrical efficiency of a 

photodiode: 

 𝑅𝜆 =
𝑖

𝑝𝑖

=
𝜂𝑞

ℎ𝑓
=

𝜂𝑞𝜆

ℎ𝑐
 [𝐴/𝑊] (2) 

Such that 𝑐 is the light speed in vacuum, in [𝑚/𝑠], and 𝜆 is the 
operation wavelength, in [𝑚].  

C. Optical Channel 

The underwater optical channel has four measures of great 
interest that simplify the channel characterization. These are: 
absorption (𝑎), scattering (𝑏), attenuation (𝑐) and noise.  

1) Absoption, Scattering and Attenuation 
To characterize the first three, we will use a geometrical model 
of an element of water volume with Δ𝑐 of thickness and Δ𝑟 of 
length, like the one showed in Fig. 4 and as defined by [3].  

 

Fig. 4 – Design of a geometric model for absorption and scattering 

account 

 
The incident power, 𝑃𝑖(𝜆) , depends on the operation 
wavelength, and a fraction of it is absorbed, 𝑃𝑎(𝜆), the other is 
transmitted, 𝑃𝑡(𝜆, 𝜃), and the rest is scattered, 𝑃𝑠(𝜆, 𝜃), forming 
an angle 𝜃 between the transmitted and scattered power. 

By reducing the Δ𝑟 length of the water volume, it is possible to 
write the absorption coefficient (𝑎)  and the scattering 
coefficient (𝑏) expressions: 

 𝑎(𝜆) = lim
𝑟→0

Δ𝐴

Δr
=

𝑑𝐴(𝜆)

𝑑𝑟
 [𝑚−1] (3) 

 𝑏(𝜆) = lim
𝑟→0

Δ𝐵

Δr
=

𝑑𝐵(𝜆)

𝑑𝑟
 [𝑚−1] (4) 

Such that Δ𝐴 is the absorbance and Δ𝐵 the scatterance. 

Finally, the attenuation coefficient (or beam extinction 
coefficient) is described as the linear combination of the 
absorption and scattering coefficients: 

 𝑐(𝜆) = 𝑎(𝜆) + 𝑏(𝜆) [𝑚−1] (5) 
Regarding the absorption coefficient according to [13], this can 
be described as the weighted average of the linear combination 
of the absorption coefficients from pure water (𝑎𝑤) , due to 
phytoplankton (𝑎𝑝ℎ𝑦), due to gelbstoff (𝑎𝑔), and due to non-

algal material suspensions (𝑎𝑛): 

𝑎(𝜆) =
𝑎𝑤(𝜆)

𝐶𝑤
−1 +

𝑎𝑝ℎ𝑦(𝜆)

𝐶𝑝ℎ𝑦
−1 +

𝑎𝑔(𝜆)

𝐶𝑔
−1 +

𝑎𝑛(𝜆)

𝐶𝑛
−1  [𝑚−1] (6) 

Such that 𝐶  is the concentration of inorganic and organic 
particles. 



About the scattering coefficient, this can be empirically 
approximated as a Rayleigh scattering formula, according to 
[14]: 

 𝑏𝑖(𝜆) = 0,005826 (
400

𝜆
)

4,322

 [𝑚−1] (7) 

Such that 𝜆  is the operation wavelength. Specifically, for 
oceanic environments, the coefficient derived in (10) can be 
approximated, according to Mie’s scattering for small particles, 
𝑏𝑠, and for large particles, 𝑏𝑙: 

 𝑏𝑠(𝜆) = 0,341074 (
400

𝜆
)

0,3

 [𝑚−1] (8) 

 𝑏𝑙(𝜆) = 1,151302 (
400

𝜆
)

1,17

 [𝑚−1] (9) 

Finally, based on the application of the Monte Carlo method in 
[15], the values for each one of the coefficients presented can be 
approximated by those in TABLE 3: 

TABLE 3 – Absorption, scattering and attenuation coefficients for 

𝜆 = 532 𝑛𝑚 (extracted from [15]) 

Water Type 𝒂 [𝒎−𝟏] 𝒃 [𝒎−𝟏] 𝒄 [𝒎−𝟏] 
Pure sea 0,053 0,003 0,056 

Clear Ocean 0,069 0,080 0,150 
Coastal Ocean 0,088 0,216 0,305 
Turbid harbour 0,295 1,875 2,170 

 

2) Noise 

The quantification of noise sources imposes an upper limit on 

the maximum link distance, as well as on the maximum 

achievable bitrate. All the noise sources in a UWOC system are 

shown in Fig. 5, however, in the VLC bandwidth, the main 

sources of noise are: quantum noise (in the disphotic and 

aphotic area, when using an APD or PMT); thermal noise (in 

the disphotic and aphotic area, when using a PIN receiver), and 

solar background noise (in the euphotic area). 

 

Fig. 5 – Design of the typical noise sources of a UWOC system 

(adapted from [16]) 

 

a) Quantum Noise 

Also called quantum shot noise, or simply shot noise, it is a 

noise source derived from the random nature of photons, 

described by quantum mechanics. 

The quantum signal-to-noise ratio, defined as the ratio between 

the average signal power and the average quantum noise power 

is described as follows: 

𝑠𝑛𝑟𝑞 =
〈𝐺2〉𝑅𝜆

2𝑝𝑖

2𝑞𝑅𝜆𝑝𝑖〈𝐺2〉𝐹𝑛Δ𝑓𝑛

=
𝜂

2ℎ𝑓𝐹𝑛Δ𝑓𝑛

 (10) 

Such that 〈𝐺2〉 is the adimensional mean square value of the 

current gain; 𝑅𝜆 is the receiver responsivity in [𝐴/𝑊]; 𝑝𝑖  is the 

optical power, for a given electrical current, in [𝑊]; 𝑞 is the 

electron charge, in [𝐶]; 𝐹𝑛 is the adimensional noise factor, and 

Δ𝑓𝑛 is the effective noise bandwidth, in [𝐻𝑧]. 
On the other hand, the effective quantum noise power is defined 

as: 

𝜎𝑛,𝑒
2 =

𝑝𝑖

𝑠𝑛𝑟𝑞

=
2𝑝𝑖𝑞𝐹𝑛Δ𝑓𝑛

𝑅𝜆

=
2𝑝𝑖ℎ𝑓𝐹𝑛Δ𝑓𝑛

𝜂
 [𝑊] (11) 

Such that ℎ is the Planck constant, in[𝐽. 𝑠]; 𝑓 is the frequency, 

in [𝐻𝑧], and 𝜂 is the adimensional quantum efficiency. 

b) Thermal Noise 

Thermal noise, also known as Johnson-Nyquist noise, is a 

phenomenon that happens due to the apparent Brownian 

movement of the electrons. 

Assuming a Gaussian noise spectral density, the thermal noise 

irradiance can be described as: 

 𝑆𝑁𝑡 =
4𝑘𝐵𝑇

〈𝐺2〉𝑅𝜆𝑅
Δ𝑓𝑛 [𝑊/𝑚2] (12) 

Such that 𝑘𝐵  is the Boltzmann’s constant, in [𝐽. 𝐾−1]  ( ≅
1.38064852 × 10−23); 𝑇 is the temperature, in[𝐾], and 𝑅  is 

the electrical resistance, in[Ω]. All the other quantities are the 

same as above. 

c) Solar Background Noise 

The solar background noise power can be defined in terms of 

the receiver area and the solar irradiance, as follows: 

 𝑁𝑠 = 𝐴𝑅𝑇𝑓𝐿𝑠(𝜋 × 𝐹𝑂𝑉)2Δ𝜆 𝑓 [𝑊]  (13) 

Such that 𝐴𝑟 is the receiver area, in[𝑚2]; 𝑇𝑓 is the adimensional 

optical filter transmissivity; 𝐿𝑠  is the solar irradiance, in 

[𝑊𝑚−2]; 𝐹𝑂𝑉 is the receiver’s field of view, in [𝑟𝑎𝑑], and Δ𝜆𝑓 

is the optical filter bandwidth, in [𝑚]. 
In addition, the solar irradiance can be defined as follows: 

 𝐿𝑠 =
𝐸𝑑𝑅𝑑𝛾𝑒−𝐾𝑑𝐿

𝜋
≅

𝐸𝑑𝑅𝑑𝛾𝑒
−

𝑐
3𝐿

𝜋
[𝑊𝑚−2]  (14) 

Such that 𝐸𝑑 is the downwelling irradiance, in [𝑊𝑚−2]; 𝑅𝑑 is 

the adimensional underwater reflectance; 𝛾 is an adimensional 

factor that describes the directional dependence of the 

irradiance; 𝐾𝑑 is the diffuse attenuation coefficient, in [𝑚−1]; 𝐿 

is the link depth, in [𝑚] , and 𝑐  is the underwater optical 

attenuation coefficient, in [𝑚−1]. 

D. Optical Link Configurations 

The UWOC can be implemented in three different ways: LOS 

configuration, NLOS configuration and Retro-reflector 

configuration, but only the former will be fully categorised 

because the results from section IV are based in this 

configuration, only. This characterization contemplates a 

geometrical analysis and, finally, the derivation of the 

expressions for the received power, linear signal-to-noise ratio 

(𝑠𝑛𝑟) and channel capacity (𝐶).  

 

a) Line of Sight (LOS) configuration 

The Line of Sight link (depicted in Fig. 6) configuration is the 

most common UWOC configuration, as it is the easiest to 

implement, as well as that which produces the best results in 

terms of the highest available power in the receiver. 
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Fig. 6 - Line of Sight link configuration 

To derive the expression for the received power, one should 

consider that the received power is affected by the emitter (ℰ), 

medium (ℳ) and receiver components (ℛ). 

For the calculation of the first component it is necessary to 

know the emitting power, as well as the irradiance area: 

 ℰ =
𝑃0

𝜋𝑟𝑐
2

=
𝑃0

𝜋𝑑2𝑡𝑔2(𝜃)
 [𝑊/𝑚2] (15) 

Such that 𝑃0  is the emitted power, in [𝑊]; 𝑟𝑐  is the radius of 

approximated circle of power in a plane of distance 𝑑 [𝑚] from 

the receiver, in [𝑊]; 𝜃 is the optical source’s beam divergence 

angle, and 𝑑 has the same meaning as above. 

The term referring to the medium corresponds to the Beer-

Lambert attenuation factor: 

 ℳ = 𝑒
−𝑐

𝑑
cos (𝜙) [𝑎𝑑] (16) 

Such that 𝑐  is the underwater optical attenuation coefficient, 

in [𝑚−1] , 𝜙  is the angle between the perpendicular to the 

receiver plane and the transmitter-receiver trajectory. 

Finally, the term referring to the receiver is as follows: 

 ℛ = 𝐴𝑟 cos(𝜙) [𝑚2] (17) 

Such that 𝐴𝑟 is the receiver area, in[𝑚2]. 
Finally, the final expression regarding the received power in a 

LOS configuration is the product of (21), (22) and (23): 

 𝑃𝐿𝑂𝑆 =
𝑃0𝐴𝑟cos (𝜙)𝑒

−𝑐
𝑑

cos (𝜙)

𝜋𝑑2𝑡𝑔2(𝜃)
 [𝑊] (18) 

However, this expression is a gross approximation because it is 

considered that, at a given distance from the emitter, the parallel 

surface to the emitter plane is equipotential, which is not the 

cause because the received power has a three-dimensional 

Gaussian profile, thus, it is necessary to correct (24): 

𝑃 = 𝑃𝐿𝑂𝑆 =
𝑃0𝐴𝑟cos (𝜙)𝑒

−𝑐
𝑑

cos (𝜙)

𝜋𝑑2𝑡𝑔2(𝜃)
 

×
1

√2𝜋
[
𝐷𝑡𝑥

6
+ 𝑑. 𝑡𝑔(𝜃)]

−1

× 𝑒

[−
𝑥2+𝑦2+𝑧2

2[
𝐷𝑡𝑥

6
+𝑑.𝑡𝑔(𝜃)]

2]

[𝑊] 

(19) 

Such that 𝐷𝑡𝑥  represents the emitter diameter, 𝜎2 = [
𝐷𝐿𝐸𝐷

6
+

𝑑 × 𝑡𝑔(𝜃)]
2

 is the variance if the three-dimensional gaussian 

function according to the emitter-receiver distance and the 

beam divergence angle, in [𝑊2] , and (𝑥, 𝑦, 𝑧)  are the 

coordinates relative to the maximum power value, in[𝑚]. 
 

b) Capacity and Signal-to-Noise ratio 

Based on the results of (25), it is now possible to write the 

expressions for the signal-to-noise ratio and the Shannon’s 

channel capacity. Firstly, the signal-to-noise ratio (𝑠𝑛𝑟) in the 

receiver is given as: 

 𝑠𝑛𝑟 = (
𝑃

𝑁𝐸𝑃
)

2

 (20) 

Such that 𝑁𝐸𝑃 is the noise equivalent power at the receiver, in 

[𝑊/√𝐻𝑧], and the Shannon’s channel capacity is given by: 

 𝐶 = 𝐵𝑤 × 𝑙𝑜𝑔2(1 + 𝑠𝑛𝑟) [𝑏𝑖𝑡/𝑠] (21) 

Such that 𝐵𝑤 is the emission bandwidth, in [𝐻𝑧], and 𝑠𝑛𝑟 is the 

adimensional signal-to-noise ratio. 

Given the estimation for the 𝑠𝑛𝑟, it is now possible to derive the 

discrete capacity for a frequency selective channel. According 

to [17], it is possible to derive the following expression: 

𝐶 ≈ B ∑ 𝑙𝑜𝑔2 (1 +
𝑆(𝑘)|𝐻(𝑘)|2

𝜎𝑁
2

)

𝑘∈𝑀

Δ𝑓,  

Δ𝑓 =
1

𝑀
 [

𝑏𝑖𝑡

𝑠
] ;  𝑠𝑛𝑟 =

𝑆(𝑘)

𝜎𝑁
2

 

(22) 

III. MODULATION TECHNIQUES 

This section aims to describe some modulation techniques, 
regarding the UWOC. Typical optical modulation formats are 
very simple to implement, as the only degree of freedom relies 
on the instantaneous power differences of the transmitted signal, 
which is proportional to a given electric current (Intensity 
modulation). In addition, optical receivers that only focus on 
directly converting power into electric currents make part of an 
Intensity Modulation/Direct Detection (IM/DD system). 
Nevertheless, coherent modulation techniques and receivers 
exists (see [18]) that, in addition to the instantaneous power 
variation, also make usage of the instantaneous phase variation 
as an extra degree of freedom, allowing for a more robust 
transmission as well as increasing the average communication 
bitrate (if the BER, for a given signal-to-noise ratio in the 
receiver allows it).  

Another fundamental aspect is the central frequency (𝑓𝑐) of the 
modulation techniques. Baseband modulation techniques (𝑓𝑐 =
𝐵𝑤/2) transmit an unaltered signal, in the frequency domain, 
however, passband modulation techniques multiply the 
baseband signal by a frequency factor(𝑓𝑚), whereas the central 
frequency is much higher (𝑓𝑐 = 𝑓𝑚 + 𝐵𝑤/2), thus making the 
transmission process more robust, spectrally efficient and more 
complex. Given the fact that this study aims to use inexpensive 
equipment, this directly implies that only baseband IM/DD 
modulation techniques are going to be addressed, specifically, 
PAM, PPM and PWM formats. 

A. Pulse Amplitude Modulation (L-PAM) 

In this modulation scheme, the information is coded into 𝐿 = 2𝑀 
different amplitudes, where 𝐿 is also known as the number of 
symbols, and 𝑀 the number of bits, within a 𝑏𝑘 dictionary (𝑏𝑘 =
{0, 1, 2, … , (𝐿 − 1)}). According to [19], the BER of the L-PAM 
modulation can be described in terms of the signal-to-noise ratio 
and the number of symbols: 



 𝐵𝐸𝑅𝐿−𝑃𝐴𝑀 =
1

2
𝑒𝑟𝑓𝑐 [

√𝑠𝑛𝑟 × 𝑙𝑜𝑔2(𝐿)

2√2(𝐿 − 1)
] (23) 

Such that 𝑒𝑟𝑓𝑐(𝑥)  is the adimensional Complementary Error 
Function evaluated for each element of 𝑥 ; 𝑠𝑛𝑟  is the 
adimensional signal-to-noise ratio, in the receiver, and 𝐿  is 
described above. 

The modulation spectral efficiency is described as: 

 𝜂𝑚𝑜𝑑 =
𝐵𝑟

𝐵𝑤,𝑚𝑖𝑛

 [𝑏𝑖𝑡. 𝑠−1𝐻𝑧−1] (24) 

Such that 𝐵𝑟  is the communication bitrate, in [𝑏𝑖𝑡/𝑠]  and 
𝐵𝑤,𝑚𝑖𝑛  is the minimum emission bandwidth, in [𝐻𝑧] . 

Specifically, for the 𝐿 − 𝑃𝐴𝑀  case, the modulation spectral 
efficiency (𝜂𝑚𝑜𝑑)can be simplified as follows: 

𝜂𝑚𝑜𝑑,𝑃𝐴𝑀 =
𝐵𝑤,𝑚𝑖𝑛 × 𝑙𝑜𝑔2(𝐿)

𝐵𝑤,𝑚𝑖𝑛

= 𝑙𝑜𝑔2(𝐿) [𝑏𝑖𝑡. 𝑠−1𝐻𝑧−1] 

(25) 

On the other hand, the generic expression for the minimum 
emission power (𝑃𝑚𝑖𝑛) is calculated as: 

 𝑃𝑚𝑖𝑛 = 𝑁𝐸𝑃 × √
𝐵𝑟

𝜂𝑚𝑜𝑑

 [𝑊] (26) 

Such that 𝑁𝐸𝑃 is the noise equivalent power at the receiver, in 

[𝑊/√𝐻𝑧]. According to (31) and (32), this expression can be 

simplified as follows, for the 𝐿 − 𝑃𝐴𝑀 case: 

 𝑃𝑚𝑖𝑛 = 𝑁𝐸𝑃 × √
𝐵𝑟

𝑙𝑜𝑔2(𝐿)
 [𝑊] (27) 

B. Pulse Position Modulation (L-PPM) 

This modulation scheme differs from the previous one as the 

information is coded, not in the pulse amplitude, but in the 

relative position of the pulse inside the timeslot allocated to the 

symbol transmission. There are 𝐿 = 2𝑀  pulse positions (or 

symbols), which corresponds to 𝑀 total bits for the information 

transmission within a 𝑏𝑘  dictionary ( 𝑏𝑘 = {0, 1, 2, … , (𝐿 −
1)}). 

Firstly, the BER for the 𝐿 − 𝑃𝑃𝑀  modulation scheme is 

defined as follows: 

𝐵𝐸𝑅𝐿−𝑃𝑃𝑀 =
1

2
𝑒𝑟𝑓𝑐 [

1

2√2
√𝑠𝑛𝑟 ×

𝐿

2
𝑙𝑜𝑔2(𝐿)] (28) 

Such that all the variables are defined above. Again, according 

to the results in (30), the modulation spectral efficiency for the 

𝐿 − 𝑃𝑃𝑀 case is defined as: 

𝜂𝑚𝑜𝑑,𝑃𝑃𝑀 =
𝐵𝑤

𝐵𝑤,𝑚𝑖𝑛,𝑃𝑃𝑀

≈
𝑙𝑜𝑔2(𝐿)

𝐿
 [𝑏𝑖𝑡. 𝑠−1𝐻𝑧−1] (29) 

Such that 𝐵𝑤,𝑚𝑖𝑛,𝑃𝑃𝑀 ≈
𝐿×𝐵𝑤

𝑙𝑜𝑔2(𝐿)
, is the minimum emission 

bandwidth for the 𝑃𝑃𝑀 case, in [𝐻𝑧]. 
Finally, the minimum emission power, for this specific case is:  

 𝑃𝑚𝑖𝑛,𝑃𝑃𝑀 = 𝑁𝐸𝑃 × √𝐵𝑤

𝐿

𝑙𝑜𝑔2(𝐿)
 [𝑊] (30) 

C. Pulse Width Modulation (L-PWM) 

This modulation technique relies on changing the duty-cycle of 
the transmitted pulse, thus existing 𝐿 = 2𝑀  different possible 
pulse widths inside of each timeslot allocated to the symbol 
transmission, where 𝐿  is the transmitted symbol within a 𝑏𝑘 
dictionary (𝑏𝑘 = {0, 1, 2, … , (𝐿 − 1)}). 

The BER for the 𝐿 − 𝑃𝑊𝑀 modulation process is given by: 

𝐵𝐸𝑅𝐿−𝑃𝑊𝑀 =
1

2
𝑒𝑟𝑓𝑐 [√

𝑙𝑜𝑔2(𝐿) × 𝑠𝑛𝑟

2

𝑃�̅�

𝐿 + 1
] (31) 

Such that 𝑃�̅� is the average peak power of the optical emitter, in 

[𝑊], and the remaining variables are described above. 

According to [20], the modulation spectral efficiency is given 

by: 

 𝜂𝑚𝑜𝑑,𝑃𝑊𝑀 =
𝐵𝑟

𝐵𝑤,𝑚𝑖𝑛,𝑃𝑊𝑀
=

𝑙𝑜𝑔2(𝐿)

𝐿
 [𝑏𝑖𝑡. 𝑠−1𝐻𝑧−1] (32) 

Such that 𝐵𝑤,𝑚𝑖𝑛,𝑃𝑊𝑀 ≈
𝐵𝑤×𝑙𝑜𝑔2(𝐿)

𝐿
, is the minimum emission 

bandwidth for the 𝑃𝑊𝑀 case, in [𝐻𝑧]. 
Lastly, the minimum emission power, for this specific case is 

equivalent to the 𝐿 − 𝑃𝑃𝑀 case, and is calculated as: 

 𝑃𝑚𝑖𝑛,𝑃𝑊𝑀 = 𝑁𝐸𝑃 × √𝐵𝑤

𝐿

𝑙𝑜𝑔2(𝐿)
 [𝑊] (33) 

To show how the different modulation schemes map each group 

of bits into a symbol, as well as the transmitted optical pulse 

associated with, in Fig. 7 is shown a concrete bit-symbol 

mapping for an 8 symbol (𝐿 = 8)  PAM, PPM and PWM, 

whose codeword is 101001100. 

 
Fig. 7 – Design of the bit-symbol mapping comparison for the 

modulation schemes presented above (adapted from [21]) 

 

Finally, using MATLAB®, the BER vs SNR, power penalty vs 

𝜂𝑚𝑜𝑑 and 𝐷𝑏,𝑚𝑎𝑥  vs SNR plots were derived for L ≤ 32, as it is 

sown in Fig. 8, Fig. 9 and Fig. 10. 



 
Fig. 8 - 𝐵𝐸𝑅 𝑣𝑠 𝑆𝑁𝑅 for each modulation scheme, 𝐿 ≤ 16 

 

 
Fig. 9 - 𝑃/𝑃𝑂𝑂𝐾 vs 𝜂𝑚𝑜𝑑  for each modulation scheme, 𝐿 ≤ 16 

 

 
Fig. 10 - 𝐵𝑟,𝑚𝑎𝑥 vs 𝑆𝑁𝑅 for each of modulation scheme, 𝐿 ≤ 16 

IV. EXPERIMENTAL AND NUMERICAL RESULTS 

This section will start by characterising the emitter and channel 

based on a specific system [22] portrayed in Fig. 11 and 

assembled in Fig. 12, with the specifications and test conditions 

depicted in TABLE 4. Then, a pseudo-code will be presented to 

test any UWOC system, in any computer software of the user’s 

choice. Every step of the way will be generally described and 

commented, for a clearer perception by the reader. 

Finally, the examination of the obtained experimental and 

numerical results. 

A. Blue-Ray v2 modem characterization (Power) 

 
Fig. 11 – Photography of the optical modem (left) and the 

microcontroller board (right) 

 

Fig. 12 – Design of the experimental setup used in laboratory 

TABLE 4 -Blue-Ray v2 modem characteristics (adapted from [22]) 

Optical Emitter Optical Receiver 

𝜆 ≅ 520 𝑛𝑚 𝐺𝑒𝑙𝑒𝑡𝑟𝑖𝑐 = 1,5 × 106 

Δ𝑉𝑖𝑛𝑝𝑢𝑡,𝑚á𝑥 = 12 𝑉 Δ𝑉𝑖𝑛𝑝𝑢𝑡,𝑚á𝑥 = 6 𝑉 

𝑃𝑖𝑛𝑝𝑢𝑡 = 6 𝐿𝐸𝐷 ×  4 𝑊 = 24 𝑊 𝐴𝑟 ≅ 1 𝑚𝑚2 

�̅�𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 ≅ 1,17 𝑊 𝐹𝑂𝑉 =
𝑑 × (1 × 10−3)2

1,5 × 10−2
 𝑟𝑎𝑑 

𝜂𝑚𝑜𝑑 = 0,25 𝑏𝑖𝑡. 𝑠−1𝐻𝑧−1 Δ𝑓𝑓 ≅ 212 𝑘𝐻𝑧 

𝜃 ≅ 17° 𝑅𝜆 = 0,32 𝐴/𝑊 

𝐷𝑙𝑒𝑛𝑠 = 23,8 𝑚𝑚 

Test Conditions 

𝑑 = 3,18/5 𝑚 𝐸𝑑 ≅ 1440 𝑊𝑚−2 

𝑑𝑒𝑝𝑡ℎ = 0,25 𝑚 (𝑒𝑢𝑝ℎ𝑜𝑡𝑖𝑐) 𝛾 ≅ 2,9 (ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑝𝑙𝑎𝑛𝑒) 

 

To fully understand the spatial emission pattern of the optical 

modem, we started by assembling a fully opaque carton box 

with (30 × 10 × 15) 𝑐𝑚 , to limit the amount of solar 

background noise in the system (see Fig. 13). Then, the first test 

contemplated the power measurement of the optical modem 

with a 1 𝑐𝑚2  area PINPD [23] power receiver throughout a 

distance of 8 − 39 𝑐𝑚, in 5 𝑐𝑚 gap intervals, based on a LOS 

configuration. The obtained results are shown in Fig. 14Fig. 12. 

The second test measured the angle variation of the optical 

emitter, based on the same PINPD, at a distance of 12 𝑐𝑚 

between emitter and power receiver, as it is shown in Fig. 15. 

 

 
Fig. 13 – Photography of the test set-up for the proposed 

measurements 



 
Fig. 14 – Average power variation of the emitter with the distance 

 

The blue plot represents the measurements taken with [23], and 

the upper red dotted plot represents the exponential regression 

of those measurements (𝑦 = {𝑦0 + 𝐴1𝑒𝑥𝑝[−(𝑥 − 𝑥0)/𝑡1]}/
(𝑥 − 𝑥0)2) with 𝑅2 = 0,9922, thus proving the correction of 

the results. Note that the regression was based on (24) and was 

assumed that there should be some unaccounted noise entering 

the system (𝑦0)  as well as the emitter and receiver were 

perfectly aligned (𝜙 = 0). 

The summarized regression results are displayed below. 

 
TABLE 5 -Simulation of distance variation in LOS configuration 

Parameter Interpretation Obtained Value Units 

𝑦0 𝑃𝑜𝑓𝑓𝑠𝑒𝑡 0,31023 ± 0,05333 [𝑊] 

𝐴1 𝑃0 −0,32768 ± 0,05236 [𝑊] 
𝑥 𝑑 - [𝑚] 

𝑥0 𝑑𝑜𝑓𝑓𝑠𝑒𝑡 0,08 [𝑚] 

𝑡1 𝑐−1 10,20371 ± 2,08732 [𝑚] 

 

 
Fig. 15 – Average power variation of the emitter with the angle 

 

Likewise, the blue plot represents the measurements taken with 

[23], and the upper red dotted plot represents the gaussian 

regression of those measurements (𝑦 = 𝑦0 + 𝐴𝑒𝑥𝑝[−(𝑥 −
𝑥𝑐)2/2𝑤2]), with 𝑅2 = 0,9944. This regression was based on 

the knowledge that an LED has typically a gaussian radiation 

pattern, and the assumption that the superposition of multiple 

LED’s, in a circular shape, maintains that same pattern. Finally, 

it was also assumed that there should be some unaccounted 

noise entering the system (𝑦0). 

The summarized regression results are displayed below. 

TABLE 6 -Simulation of angle variation in LOS configuration 

Parameter Interpretation Obtained Value Units 

𝑦0 𝑃𝑜𝑓𝑓𝑠𝑒𝑡 (−0,2635 ± 0,2028) × 10−3 [𝑊] 

𝐴 𝑃0 (10,96 ± 0,22807) × 10−3 [𝑊] 
𝑥 𝜙 - [𝑟𝑎𝑑] 

𝑥𝑐 
Center 

deviation 
0,2634 ± 0,22771 [𝑟𝑎𝑑] 

𝑤 𝜎 =
𝐹𝑊𝐻𝑀

2√2ln (2)
 (12,5964 ± 0,3866) [𝑟𝑎𝑑] 

 

B. Channel Characterization (Noise and Channel Capacity) 

After the thorough description of the emitting system it is now 

important to fully characterize the medium where the 

experiments will take place. The chosen medium was the water 

tank present at the Institute for Systems and Robotics, in 

Taguspark (Oeiras), whose dimensions are present below: 

 
Fig. 16 – Design of the water tank dimension (left) and two test 

configurations, A and B (right) 

The fact that the water tank is in an enclosed environment with 

an automatic water filtration system running for two hours 

makes us believe an attenuation coefficient very close to the 

“Pure sea”, presented in TABLE 3 (despite not having the 

appropriate solar conditions to measure this parameter). 

The next step was to measure the AWGN (Additive White 

Gaussian Noise) of the channel, assuming a noise limited 

channel – the receiver was directly plugged into the 

oscilloscope [24], in total darkness, and approximately 8 000 

noise samples were extracted and analysed by a MATLAB® 

script, to fit a gaussian curve to the histogram of the samples 

received (See Fig. 17). 

 

 
Fig. 17 – Diagram of the gaussian fit (red) to the noise samples 

histogram (blue) 
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The red curve represents the gaussian adjustment to the 

histogram of samples obtained with the oscilloscope. From here 

it is possible to know the variance parameter, which represents 

the average AWGN power inherent to the channel (𝑁 = 𝜎2 ≅
2,14 𝜇𝑊 ≅ −26,7 𝑑𝐵𝑚). 

The final step was to have a measurement of the channel 

capacity and check what could possibly limit the maximum 

bitrate of the considered system. To do so, a PRBS 

(Pseudorandom Binary Sequence) with an amplitude of ±2,5 𝑉 

and a sampling frequency of 1 𝑀𝐻𝑧  was generated, and the 

results extracted from the digital oscilloscope, for each of the 

spatial configurations of Fig. 16, are presented below: 

 

 
Fig. 18 – Oscilloscope screen capture of the PRBS signal (yellow) 

and received signal (blue), for the A (above) and B (below) 

configurations  

Do notice that the PRBS signal range is 1 𝑉/𝑑𝑖𝑣 and the blue 

signal range is 500 𝑚𝑉/𝑑𝑖𝑣. 

C. Numerical and Experimental Analysis comparison and 

Pseudo-Code 

Start 

Define every source, channel and receiver characteristics 

(Emission power, LED diameter, channel attenuation coefficient, average 

noise power, receiver lens diameter, receiver area, 𝜙, 𝜃 , FOV, amplifier 

gain…) 
 

Bit-symbol map some randomized bits with the appropriate symbols 

Generate a random bit sequence and define the number of modulation 

symbols (𝐿) and bits per symbol (𝑀) 

Associate every group of 𝑀 bits to a symbol {𝑠𝑦𝑚𝑏𝑜𝑙 ∈ [0, 𝐿 − 1]} 

𝑠𝑦𝑚𝑏𝑜𝑙𝑠𝑒𝑛𝑡 = (𝑠𝑦𝑚1,𝑠𝑒𝑛𝑡, 𝑠𝑦𝑚2,𝑠𝑒𝑛𝑡, … , 𝑠𝑦𝑚𝑘,𝑠𝑒𝑛𝑡) ↔ 𝑏𝑖𝑡𝑠𝑠𝑒𝑛𝑡,𝐿

= (𝑏𝑖𝑡𝑠𝑠𝑒𝑛𝑡,𝐿1
, 𝑏𝑖𝑡𝑠𝑠𝑒𝑛𝑡,𝐿2

, … , 𝑏𝑖𝑡𝑠𝑠𝑒𝑛𝑡,𝐿𝑗
) 

Group every 𝑀  bits and limit each value to the source’s average peak 

emission power (�̅�𝑝), 𝑝𝑚𝑜𝑑,𝑙𝑖𝑚 = �̅�𝑝 × 𝑏𝑖𝑡 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 

 
Attenuate signal according to the optical link configuration 

𝑝𝑎𝑡,1 = 𝑝𝑚𝑜𝑑,𝑙𝑖𝑚 × 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑎𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 

 

Convert optical power to electric voltage (using receiver’s responsivity and 

the amplifier gain), 𝑝𝑚𝑜𝑑,𝑒𝑙 = 𝑝𝑎𝑡,1 × 𝑅𝜆 × 𝐺𝑎𝑚𝑝 

Add noise, 𝑝𝑎𝑡,2 = 𝑝𝑚𝑜𝑑,𝑒𝑙 + 𝑎𝑤𝑔𝑛 

Reconvert to the optical domain, 𝑝𝑎𝑡,3 = 𝑝𝑎𝑡,2/(𝑅𝜆 × 𝐺𝑎𝑚𝑝) 

 

Regenerate the binary and symbol sequence 

Know the expected received power (without noise), 𝑝𝑒𝑥𝑝 = 𝑝𝑚𝑜𝑑,𝑙𝑖𝑚 ×

𝑎𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 

Check for the receiver sensitivity threshold 

while 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠  (𝑝𝑎𝑡,3) > 0 

 if 𝑝𝑎𝑡,3(𝑖) < 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟_𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 → 𝑝𝑎𝑡,3(𝑖) = 0 

 else 𝑑𝑜 𝑛𝑜𝑡ℎ𝑖𝑛𝑔 

end 

Group every 𝑀  received power values and check the corresponding 𝑏𝑖𝑡 

associated to  

Associate every group of 𝑀 bits to a symbol {𝑠𝑦𝑚𝑏𝑜𝑙 ∈ [0, 𝐿 − 1]} 

𝑠𝑦𝑚𝑏𝑜𝑙𝑟𝑒𝑐 = (𝑠𝑦𝑚1,𝑟𝑒𝑐, 𝑠𝑦𝑚2,𝑟𝑒𝑐, … , 𝑠𝑦𝑚𝑘,𝑟𝑒𝑐) ↔ 𝑏𝑖𝑡𝑠𝑟𝑒𝑐,𝐿

= (𝑏𝑖𝑡𝑠𝑟𝑒𝑐,𝐿1
, 𝑏𝑖𝑡𝑠𝑟𝑒𝑐,𝐿2

, … , 𝑏𝑖𝑡𝑠𝑟𝑒𝑐,𝐿𝑗
) 

 

Calculate BER, SER and snr: 

𝑏𝑒𝑟 = 𝑠𝑢𝑚[𝑎𝑏𝑠(𝑏𝑖𝑡𝑠𝑟𝑒𝑐 − 𝑏𝑖𝑡𝑠𝑠𝑒𝑛𝑡)/max _𝑣𝑎𝑙𝑢𝑒]
/(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 (𝑏𝑖𝑡𝑠𝑟𝑒𝑐)) 

𝑠𝑒𝑟 = 𝑠𝑢𝑚[𝑎𝑏𝑠(𝑠𝑦𝑚𝑟𝑒𝑐 − 𝑠𝑦𝑚𝑠𝑒𝑛𝑡)/max _𝑣𝑎𝑙𝑢𝑒]
/(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 (𝑠𝑦𝑚𝑟𝑒𝑐)) 

𝑠𝑛𝑟 = 𝑎𝑣𝑔(𝑃𝑜𝑤𝑒𝑟𝑟𝑒𝑐)/𝑎𝑣𝑔(𝑁𝑜𝑖𝑠𝑒𝑟𝑒𝑐) 

End 

 

For the above test conditions, three modulations were 

experimentally and numerically tested, using a MATLAB® 

derived code from the presented pseudo-code, to generate the 

OOK, PPM and PWM modulation formats. In these tests, an 

AUV-AUV optical link was emulated, with approximately 

−26,7 dBm of AWGN (based on laboratory measurements), 

and a 100 kHz signal sampling frequency for the “Pure sea” 

water type from TABLE 3. The results are shown in TABLE 7. 

 
TABLE 7 – Experimental and numerical results comparison 

Parameters 𝒅 = 𝟑, 𝟏𝟖 𝒎 𝒅 = 𝟓 𝒎 

𝑺𝑵𝑹 [𝒅𝑩] Simul. Exper. Simul. Exper. 

𝑂𝑂𝐾 21,02 20,64 19,43 19,50 

8 − 𝑃𝑃𝑀 20,96 20,46 19,56 19,68 

8 − 𝑃𝑊𝑀 21,91 21,85 19,26 19,45 

𝑷𝒓
̅̅̅̅  [𝑾] Simul. Exper. Simul. Exper. 

𝑂𝑂𝐾 0,30 0,25 0,48 0,50 

8 − 𝑃𝑃𝑀 0,50 040 0,68 0,72 

8 − 𝑃𝑊𝑀 0,32 0,31 0,53 0,57 

�̅� [𝝁𝑾] Simul. Exper. Simul. Exper. 

𝑂𝑂𝐾 18,90 18,80 6,29 6,29 

8 − 𝑃𝑃𝑀 32,80 32,80 8,34 8,34 

8 − 𝑃𝑊𝑀 13,20 13,20 7,39 7,40 

 

As we can observe from TABLE 7, the experimental and 

numerical results are very similar, thus proving the validity of 

the proposed MATLAB® code.  

The slight difference regarding the 𝑃�̅�  is due to the assumption 

of the attenuation coefficient (which might not be entirely 

correct) and the extra attenuation regarding the two glasses 

between the emitter and the receiver, as well as the different 

values for the solar background noise entering the system due 

to the change in the special configuration testing (the 

measurements were not made in the total absence of light). 



Based on the results of section III, the curves represented in Fig. 

8 (relating the BER with the SNR), Fig. 9 (relating the power 

penalty, relative to the OOK modulation, with the spectral 

modulation efficiency) and Fig. 10 (relating the maximum 

modulation bitrate with the SNR) were also drawn. 

Finally, to have an upper-bound for the obtained results from 

TABLE 7, the channel capacity was experimentally calculated 

using MATLAB® SPTool and System Identification App 

(State-Space model with 𝑛 = 4) to determine the filter behavior 

of the channel. The obtained 798 𝑘𝑏𝑖𝑡/𝑠  value imposes a 

maximum 𝑠𝑛𝑟 of 31 𝑑𝐵 which is clearly above the results from 

TABLE 7, thus proving the validity of the experimental results. 

V. CONCLUSIONS 

The problem meant to be solved with this study was to try to find 
ways to increase the average bitrate of a typical AUV – AUV 
OOK optical link, mainly by analyzing different modulation 
schemes (PAM, PWM, PPM) with added spectral efficiency. To 
do this, a theoretical approach to three different optical link 
configurations were achieved, in the end of section II, and a 
theoretical performance comparison was derived for each of the 
three modulation schemes studied, in section III. Finally, in 
section IV, some simulations were accomplished, based on a 
MATLAB® version of the pseudo-code presented, for each of 
the OOK, PPM and PWM schemes. 

Regarding the tested system [22], there are three metrics of 
interest in choosing the optimal modulation, for this case. First, 
the maximization of the signal-to-noise ratio, an increasing 
modulation spectral efficiency (𝜂𝑚𝑜𝑑 > 𝜂𝑚𝑜𝑑,𝑂𝑂𝐾) and, finally, 

a higher average bitrate. According to the experimental and 
numerical results, the first condition was met for all the 
modulation schemes, and the second was only theoretically 
achieved, according to Fig. 9, for the 𝐿 − 𝑃𝐴𝑀, 𝐿 > 2 
modulation scheme. On the other hand, from the tested 
modulation formats, the 8 − 𝑃𝑃𝑀 appears to be the most power 
efficient (compared to the 𝑂𝑂𝐾  and 8 − 𝑃𝑊𝑀  modulation 
schemes) and is the only one, paired with the 𝑂𝑂𝐾 modulation 
scheme, that delivers a 𝐵𝐸𝑅(@𝑆𝑁𝑅 = 20 𝑑𝐵) > 10−6 , 
according to Fig. 8, which is a minimum metric for FSO 
communication systems. Finally, the 8 − 𝑃𝑃𝑀  scheme is the 
one which maximizes the maximum channel bitrate, according 
to Fig. 10, thus making this the proposed optimized modulation 
scheme for underwater FSO communication in the tested 
environment.  

Finally, it is important to continue enhancing the current system 
by implementing an application layer model based on the 𝐿 −
𝑃𝑃𝑀  modulation and a correct way to measure the medium 
attenuation coefficient in different types of environment. Also, 
altering the electronics for a single LED control, as well as an 
optical tracking and an auto-bitrate adaptation system would 
make this low-cost solution commercially more viable. 
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