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Abstract: Currently, there are three types of optical communication networks based on the com-
munication channel between the transmitter and receiver: the optical fiber channel, visible light
channel, and optical wireless channel networks. The last type has several advantages for underwater
communication, wireless sensors, and military communication networks. However, this type of
optical network suffers from weather conditions in free-space communications and attenuation
owing to the scattering and absorption mechanisms for underwater communication. In this study, we
present a new transceiver architecture of a coherent optical code-division multiple-access (OCDMA)
system based on a hybrid M-ary differential pulse position modulation scheme and a spreading
code sequence called weighted modified prime code for underwater communication to minimize
channel dispersion, increase the transmission rate per second, enhance the network bit error rate
(BER) performance, and improve network security. Using an OCDMA system, we can simultaneously
expand the network coverage area and increase the number of users sharing the network over the
same channel bandwidth. The simulation results in this study proved that the proposed system can
accommodate 1310 active users and a network throughput of 180 Gbps*user over a transmission
distance of 930 m without any repeater at a 10−9 BER performance, compared to the 45 Gbps*user
network throughput and 100 m transmission distance reported in the literature.

Keywords: OCDMA; UOWC; M-ary DPPM; WMPC; BER performance

1. Introduction

We provide a summary that highlights the perspectives of optical wireless communi-
cation (OWC) technologies. Without the use of a simulation in this study, the main focus
of this research will be designated. Wireless communication is popular in a wide range of
devices worldwide. The application of wireless communication on land and underwater
is of great interest to the industrial, military, and scientific communities [1,2]. Acoustic
systems have enjoyed great success underwater owing to their ability to communicate over
many kilometers, which has promoted research in this field, thus improving this technology.
Numerous studies have been conducted to enhance the performance of acoustic communi-
cation channels [3–7]. Nonetheless, its performance is related to its physical nature, which
limits the bandwidth, results in high potential, and produces high transmission losses,
time-varying multi-path propagation, and Doppler spread [8–13]. These limitations prevent
autonomous underwater vehicles from transmitting high-definition, real-time videos via
acoustic communication. Therefore, complementary technology is required to achieve
broadband multimedia underwater communications. Real-time video transmissions, in-
cluding the teleoperation of submarines and remote monitoring of underwater stations and
seaport stations, are attractive and important assets for underwater applications [14–17].
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Radiofrequency (RF) waves, owing to their nature, are a more common and diffused tech-
nique used in global communications, but even they are unsuitable underwater because
they are sturdily attenuated [18]. In addition, owing to the pure performance features of
standard acoustic underwater communication such as its high bit error rate (BER), large and
variable propagation delays, and low bandwidth, it is particularly vulnerable to malicious
attacks [19]. Visible-light communication (VLC) can be used to address these problems.
In VLC networks, the VL spectrum (400–700 nm) used for illumination is modulated to
transmit data [20–27]. As in VLC systems, in underwater optical wireless communica-
tion (UOWC) systems, the potential light sources are LDs instead of LEDs. Both have
advantages—LDs feature a higher modulation bandwidth compared to LEDs—but LEDs
have a higher power efficiency, lower cost, and longer lifetime, which makes them more
suitable for medium-bit-rate applications. Unfortunately, the performance of UOWC is
limited to a short range [28]. Therefore, although submarine optical communication sys-
tems are becoming commercially available [29], extensive research is being conducted on
methodologies and systems for the transfer of broadband optical signals at higher distances.
In the future, many underwater applications will comprise the use of optical communi-
cation. However, UOWC technology cannot completely replace acoustic communication.
Therefore, studies on hybrid acoustic–optic communications have been conducted [30–33].
These results are promising and should be further investigated. Figure 1 presents a generic
UOWC scenario. It shows several platforms (divers, ships, submarines, submarine sensors,
etc.) connected by light beams.
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Figure 1. Ship–submarine communication underwater [34]. 

  

Figure 1. Ship–submarine communication underwater [34].

An OWC provides many technical benefits such as high rates of transmission and
secure connections in addition to economic benefits such as low operation costs and easy
installation. Moreover, as the optical band is not included in the telecommunications
protocols, it does not require payment of licensing fees and tariffs [34–40]. The main
disadvantage of the UOWC is that optical signals are highly absorbed by the medium
of water; the second problem is optical scattering due to the particles present in the sea.
Nevertheless, in the visible spectrum, seawater has lower absorption in the blue/green
zone. By exploiting this physical feature and working with signals with wavelengths in
the blue/green region of the spectrum, high-speed connections can be realized according
to the type of water. The lowest attenuation is centered at 460 nm in clear waters, but
this wavelength shifts to higher values in dirty waters, reaching values of approximately
540 nm, e.g., in coastal waters [41–43].

In this paper, we present a new design for underwater optical wireless code-division
multiple-access (UOW-CDMA) networks based on the M-ary differential pulse position



Photonics 2024, 11, 368 3 of 21

modulation (M-DPPM) scheme with a spreading code sequence called the weighted modi-
fied prime code (WMPC) sequence to minimize attenuation and dispersion; increase the
transmission distance, network coverage area, and number of users; and improve the
network BER performance. The design includes the system transceiver architecture, an
underwater channel model, and a MATLAB simulation model. The results include the BER
performance versus the network parameters, channel parameters, and number of active
users; the throughput performance; and the error vector magnitude (EVM) for comparing
the approximate simulation models with exact mathematical models.

The remainder of this paper is organized as follows. Section 2 presents a literature
review of underwater research results. Section 3 presents the proposed system block
diagram, underwater channel model using the gamma–gamma turbulence probability
density function, and channel attenuation. Section 4 describes the characteristics of the
proposed modulation and coding scheme. Section 5 presents the BER performance analysis.
An EVM analysis is presented in Section 6. Section 7 presents a discussion of the simulation
results, and Section 8 concludes the study and suggests future work directions.

2. Literature Review

In this section, we summarize the related literature reviews based on the results of
each study or group of studies, as shown in Table 1. These results illustrate a comparison in
terms of the transmission carrier frequency bands, such as optical, RF, and acoustic waves.

From the results presented in the table above, we can observe that optical commu-
nication has better performance in terms of the system capacity and throughput, BER
performance, channel attenuation, and required transmuted power. However, it suffers
from transmission distance challenges. In this study, the authors have focused on enhancing
the transmission distance at a good BER performance and optimum number of active users.

Table 1. Literature review comparison of results for developed underwater wireless channels.

Ref. Parameters Optical RF Waves Acoustic Waves

[14]

Attenuation
0.39 dB/m

(ocean)–11 dB/m
(turbid)

- -Speed (m/s) 2.26 × 108

Data rate ~Gbps
Latency Low
Distance 10–100 m

[13]

Attenuation

-

Frequency band and
conductivity
dependent

(3.5–5) dB/m -
Speed (m/s) 2.26 × 108

Data rate ~Mbps
Latency Moderate
Distance Up to 10 m

[12]

Attenuation
Distance- and

frequency-dependent
(0.1–4) dB/km

Speed (m/s) 1500
Data rate ~Kbps
Latency High
Distance Up to Kms
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Table 1. Cont.

Ref. Parameters Optical RF Waves Acoustic Waves

[8]

Bandwidth 10–150 MHz About MHz

Distance dependent
1000 km and 1 kHz
1–10 km and 10 kHz
Less than 100 m and

100 kHz

Frequency band 1012–1015 Hz

30–300 Hz for direct
underwater

communication system
or MHz for buoyant

communication system

10–15 kHz

Transmission power Few Watts Few mW to hundreds
of Watts Tens of Watts

Antenna size 0.1 m 0.5 m 0.1 m
Efficiency 30,000 bits/J - 100 bits/J

Performance parameters Absorption and organic
matter

Conductivity and
permittivity

Temperature and
pressure

[29–31]

Code length 121–289 Chip 121–289 Chip 121–289 Chip
BER performance Less than 10−20 Less than 10−15 Less than 10−10

Number of users 110–180 90–100 30–50
Throughput performance 1 Tbps*user 10 Gbps*user Less than Mbps*user

[43–45]

Number of orthogonal frequencies Less than 32 Less than 16

-Number of users 20–32 1–16
BER performance Less than 10−12 Less than 10−9

Throughput performance Approximately 100
Gbps*user

Approximately 1
Gbps*user

3. Proposed System Model

Figure 2 presents the proposed UOWC/CDMA system. Figure 2a shows the OCDMA
transmitter, which consists of an OCDMA encoder for encoding and spreading the data using
the WMPC spreading sequence. The encoded data are modulated using the M-ary DPPM
to control the channel dispersion by controlling the pulse width of the DPPM signal and
consequently reducing the inter-symbol interference (ISI). A Mach–Zehnder interferometer
(MZI) modulator is used to modulate the laser light intensity using the encoded modulated
signal. The received optical signal is first demodulated by the MZI demodulator, then DPPM
demodulated and decoded using the WMPC decoder, and finally, the balanced detector is
used to convert the optical data to electrical data and eliminate noise.

Furthermore, the use of DPPM gives the system an advantage in the case of multimedia
applications. In this case, we can control and optimize the BER performance as in the case
of [40].

The LOS-UOWC channel in Figure 2c can be modeled using the equation below, as in
the case of [3,43–46]. The level of optical power received Pr depends on the optical power
transmitted by the laser diode Pt ; the transmitter and receiver optical efficiencies ηt and ηr,
respectively; the angle of the trajectory perpendicular to the transmitter–receiver planes θ;
the aperture area of photodetector Ar; and the divergence angle of the laser beam θd [13].
α(λ) is the attenuation coefficient of the wireless underwater channel and is discussed in
detail in Section 4.

Pr = Pt ηtηr exp
(
−α(λ)

d
cos(θ)

)(
Arcos(θ)

2πd2(1 − cos(θd))

)
(1)
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Figure 2. Proposed OCDMA system for user #n out of N active users: (a) Transmitter, (b) Receiver,
and (c) LOS-UOWC channel model.

The scintillation phenomenon is important and must be considered in the UOWC
channel modeling. This phenomenon characterizes the chaotic change in the water flow
velocity and pressure, and this turbulence affects the water characteristics when laser light
beams propagate underwater. This results in fluctuations in the optical power and degrades
the system performance owing to variations in the refractive index of water [22,46–51].
Various UOWC system models are used to represent the effect of turbulence on the system
performance; however, for weak turbulence, the gamma–gamma model is suitable. The
probability density function of the irradiance Ir investigates the effect of turbulence on
system performance, and various UOWC channel models can be expressed as in [11]
as follows:

P(Ir) = Iψ−1
r exp(−Irψ)· ψψ

Γ(ψ)
(2)

where ψ is a parameter function that represents the effect of the scintillation index δ2
p as in

(3), and Γ(ψ) is the gamma function of ψ.

ψ =
1
δ2

p
(3)

The scintillation index δ2
p can be expressed as follows:

δ2
p = ab + a + b (4)
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where a and b are parameters defined as

a =

exp

 0.49σ2
Ir(

1 + 0.18L2 + 0.56σ12/5
Ir

)7/6

− 1

 (5)

b =

exp

 0.51σ2
Ir(

1 + 0.9L2 + 0.62σ12/5
Ir

)5/6(
1 + 0.62σ12/5

Ir

)5/6

− 1

 (6)

where σIr is the normalized intensity variance, and L =
√

kD2/(4d), where d is the trans-
mission distance, D is the receiver photodetector aperture diameter, and k = 2π

λ is the
wave number.

There are two main problems in the case of optical propagation underwater: the high
absorption of the optical signal in the water medium and scattering due to the particles in
the seawater. In the visible spectrum of light, especially in the 450–470 nm range blue–green
region, seawater has a lower absorption and consequently lower attenuation, and the lowest
value of this attenuation occurs at 460 nm in clear ocean water. Furthermore, in coastal
waters, this wavelength range shifts to 530–550 nm [47,48]. In the low scattering regime, we
can describe the light propagation in water using the spectral attenuation coefficient α(λ),
which is the sum of the scattering and absorption coefficients S(λ) and A(λ), respectively.
The involvement of water molecules, dissolved colored organic content, and particulate
algal/sediment matter are the main factors that determine the absorption and scattering
coefficients in m−1 [50–52]. In addition to the effect of wavelength on the absorption, the
type of particles and level of turbidity significantly affect the absorption and scattering
coefficients. Two types of particles are important in seawater: phytoplankton and organic
particles, both of which affect the light properties. The first type strongly absorbs the blue
and red regions of light. In turbid water, the scattering of photons results in a decrease in
the received optical power, and several photons are received with delays, causing ISI.

Every type of water is characterized by a value of chlorophyll concentration C, which
also affects the values of the absorption and scattering coefficients and can be expressed
simply as shown in (7) and (8), respectively [29–33,47,52]:

A(λ) =
[

Aω(λ) + 0.06AC(λ)C0.65
]
{1 + 0.2exp[−0.014(λ − 440 ]} (7)

S(λ) = 0.30
550
λ

C0.62 (8)

where Aω(λ) is the absorption coefficient for pure water, AC(λ) is a statistical dimension-
less specific absorption coefficient for chlorophyll, and C is the chlorophyll concentration
of 0.03, 0.1, 0.38, and 3 mg/m3 for pure seawater, clear ocean water, coastal ocean water,
and turbid harbor water, respectively.

In general, the sum of (7) and (8) provides the cumulative attenuation coefficient
as follows:

α(λ) = A(λ) + S(λ) (9)

On substituting (7) and (8) into (9), the attenuation coefficient can be expressed as follows:

α(λ) =
[

Aω(λ) + 0.06AC(λ)C0.65
]
{1 + 0.2exp[−0.014(λ − 440 ]}+ 0.30

550
λ

C0.62 (10)

This coefficient is the main parameter affecting the transmission distance for the
UOWC channel, and the propagation loss factor is written by Beer as [51,52]

LP(λ, d) = B × exp[−α(λ)× d] (11)
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where B is a constant. As the transmission distance increases, the scattering of photons
increases, and the diffusion length plays a significant role for the non-LOS photons, as
shown in Figure 3. In this case, Beer’s equation can be rewritten as

LP(λ, d) = B1 × exp[−α1(λ)× d] + B2 × exp[−α2(λ)× d] (12)

where the first term represents the attenuation loss length, which is less than the diffusion
length; the second term represents the attenuation loss length, which is greater than the
diffusion length; and B1 and B2 are constants equal to 0.25 and 0.006 for pure water and
0.15 and 0.198 for clear ocean water at 460 nm, respectively. The absorption, scattering,
and attenuation coefficients are presented in Figure 4 as a function of the wavelength from
200–700 nm in pure seawater. The figure shows that the scattering coefficient is lower in
the range of 400–600 nm around the center wavelength of 500 nm, and the absorption
coefficient appears as a constant during this range and varies from 0.105 at 400 nm to 0.08
at 600 nm. Before 350 nm and after 600 nm, the scattering and attenuation are high, which
reduces the transmission distance to less than 1 m.
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4. WMPC Sequence Generation

The WMPC is a superior code sequence generated from the existing modified prime
code (MPC) presented in [35]. The WMPC is called a weighted MPC because it has a code
weight equal to twice the code weight of the MPC sequence minus one with the same
code length and better correlation characteristics. Furthermore, the MPC was generated
according to a prime number P, which represents the code weight (i.e., the number of logic
ones “HIGH” in the code sequence) and the number of code words, where each word
consists of P time chips; one of these chips is logic HIGH and the remainder ( P − 1) chips
are logic zero “LOW”, where P ∈ {3, 5, 7, 11, 13, . . . , etc.}. The code length equals P2,
which represents the number of time chips that encode one data bit; the number of code
sequences generated is P2 − P as in [35–41]. In the WMPC, we create an XOR between
each pair of code words to generate a new code word containing two one’s logic HIGH;
however, the middle code word remains the same and the resulting code weight becomes
2P − 1. The code length also remains the same as in the case of the MPC; however, the
peak value of the autocorrelation function of any WMPC sequence equals 2P − 1 instead
of P in the MPC, and the number of available code sequences equals 2( P2 − P

)
as in [40].

Table 2 presents the MPC and related WMPC sequences for P = 5. Equation (13) presents
the correlation coefficient Cmn between the two code sequences m and n.

Table 2. WMPC sequence generation for P = 5.

Group
x

i
0 1 2 3 4 Sequence MPC Part WMPC Part

1

0 1 2 3 4 S1,0 10000–01000–00100–00010–00001 10010–01001–00100–00101–01010 A
01001–10010–00100–01010–00101 B

4 0 1 2 3 S1,1 00001–10000–01000–00100–00010 00101–10010–01000–01010–10100 A
10010–00101–01000–10100–01010 B

3 4 0 1 2 S1,2 00010–00001–10000–01000–00100 01010–00101–10000–10100–01001 A
00101–01010–10000–01001–10100 B

2 3 4 0 1 S1,3 00100–00010–00001–10000–01000 10100–01010–00001–01001–10010 A
01010–10100–00001–10010–01001 B

1 2 3 4 0 S1,4 01000–00100–00010–00001–10000 01001–10100–00010–10010–00101 A
10100–01001–00010–00101–10010 B

.
.

.
.

.
.

.
.

.
.

4

0 4 3 2 1 S4,0 10000–00001–00010–00100–01000 10100–01001–00010–01010–00101 A
01001–10100–00010–00101–01010 B

1 0 4 3 2 S4,1 01000–10000–00001–00010–00100 01010–10100–00001–00101–10010 A
10100–01010–00001–10010–00101 B

2 1 0 4 3 S4,2 00100–01000–10000–00001–00010 00101–01010–10000–10010–01001 A
01010–00101–10000–01001–10010 B

3 2 1 0 4 S4,3 00010–00100–01000–10000–00001 10010–00101–01000–01001–10100 A
00101–10010–01000–10100–01001 B

4 3 2 1 0 S4,4 00001–00010–00100–01000–10000 01001–10010–00100–10100–01010 A
10010–01001–00100–01010–10100 B

On assuming the chip time TC and data bit time duration as Tb, we can express Tb as a
function of TC, as shown in (14).

RSmn =


2P − 1 i f m = n
0 i f m ̸= n and the two sequences share the same group
1 i f m ̸= n and the two sequences f rom di f f erent groups

 (13)
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Tb = P2TC (14)

When the M-ary DPPM is used with the WMPC, each differential pulse from the M
differential pulses takes its own code sequence, and all sequences are orthogonal to prevent
interference from multiple users. At this point, Equation (14) can be rewritten as

Tb = MP2TC (15)

This means that the M-DPPM/WMPC hybrid scheme is more power-efficient than the
WMPC and more efficient than the M-DPPM. In addition, there are three parameters that
control the user bit rate and consequently control the network throughput M, P, and TC,
where TC depends on the type of laser diode used and the network security owing to the
presence of the WMPC.

Figure 5 presents the auto-correlation coefficient of the WMPC sequence S11. This
result shows that, at 25TC, which equals the bit time, the auto-correlation coefficient peaks
and is equal to nine, which is equivalent to 2P − 1. Figure 6 presents the cross-correlation
coefficient between the two code sequences S10 and S41 from the two different groups, and
the result shows that at 25TC, the correlation coefficient is at a minimum and equal to one,
which satisfies the correlation definition in (13).

Photonics 2024, 11, x FOR PEER REVIEW 10 of 21 
 

 

 

Figure 5. Auto-correlation coefficient of the WMPC sequence 𝑆11. 

 

Figure 6. Cross-correlation coefficient between the WMPC sequences 𝑆10 and 𝑆41. 

5. Performance Analysis 

Before performing the BER analysis, we illustrate and define the signal-to-noise ratio 

(𝑆𝑁𝑅) parameters in Table 3. The average 𝑆𝑁𝑅 can be calculated as shown in (16) below, 

and the photocurrent at the photodetector output 𝐼𝑃 =  ℜ ∙ 𝑃𝑟  is the PIN responsivity 

multiplied by the optical power received. Furthermore, to investigate the effect of 

Figure 5. Auto-correlation coefficient of the WMPC sequence S11.



Photonics 2024, 11, 368 10 of 21

Photonics 2024, 11, x FOR PEER REVIEW 10 of 21 
 

 

 

Figure 5. Auto-correlation coefficient of the WMPC sequence 𝑆11. 

 

Figure 6. Cross-correlation coefficient between the WMPC sequences 𝑆10 and 𝑆41. 

5. Performance Analysis 

Before performing the BER analysis, we illustrate and define the signal-to-noise ratio 

(𝑆𝑁𝑅) parameters in Table 3. The average 𝑆𝑁𝑅 can be calculated as shown in (16) below, 

and the photocurrent at the photodetector output 𝐼𝑃 =  ℜ ∙ 𝑃𝑟  is the PIN responsivity 

multiplied by the optical power received. Furthermore, to investigate the effect of 

Figure 6. Cross-correlation coefficient between the WMPC sequences S10 and S41.

5. Performance Analysis

Before performing the BER analysis, we illustrate and define the signal-to-noise ratio
(SNR) parameters in Table 3. The average SNR can be calculated as shown in (16) below,
and the photocurrent at the photodetector output IP = R·Pr is the PIN responsivity multi-
plied by the optical power received. Furthermore, to investigate the effect of irradiance, the
instantaneous SNR defined in (17) must be considered in the BER performance analysis.

SNR =
I2
PG2

2q(IP + ID)G2F(G)Be + 4KBTBe/RL
(16)

SNRi = SNR ·Ir (17)

Table 3. Optical receiver parameters used for SNR calculation.

Parameter Definition Value

IP
Received photocurrent depends on the PIN
photodetector responsivity and optical power received A

R PIN photo-detector responsivity 0.8 A/W
F(G) Receiver noise figure 1.2

G Gain of preamplifier receiver 5
ID PIN dark current 10 nA
Be Receiver electrical bandwidth 3.2 GHz
KB Boltzmann constant 1.38 × 10−23 J/K
T Receiver temperature 298 K

RL Receiver load resistance 70 KΩ
SNRi Instantaneous SNR Ratio
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Before calculating the BER performance, we define the values of the transmission
parameters, such as the optical power transmitted, transmission efficiencies, operating
wavelength range, receiver aperture area, and coding parameters, as listed in Table 4. The
chip time was adjusted to 2.6 ps, and the BER performance was calculated several times for
prime numbers ranging from 11 to 61.

Table 4. The values of the transmission and coding parameters used for the BER calculations.

No. Name Symbol Value

1 Laser peak transmitted power Pt 20 dBmW
4 Receiver aperture area Ar 0.01 m2 and 0.05 m2

5 Transmitter efficiency ηt 0.9
6 Receiver efficiency ηr 0.9
8 Divergence angle of laser beam θd 60◦

9 Angle between perpendicular of
transmitter–receiver planes θ 5◦

10 Operating wavelength λ 400–600 nm
11 Prime number of WMPC P 11, 23, 31, 47, 53, 61
12 Chip time duration TC 2.6 ps

In the BER performance results, we compared different types of water as transmission
media according to their chlorophyll concentration, and the OOK modulation scheme was
used as a reference to compare the results with those of the proposed M-DPPM scheme.
Therefore, the probability of error for both the modulation schemes is illustrated in (18)
and (19), as listed below, where γth is the receiver threshold value that is adjusted using
a decision circuit after the correlator, and M is the system multiplicity according to the
M-DPPM modulation scheme [30–34].

1
2

er f c
(

SNRi

2
√

2

)
(18)

1
M

[
1
2

er f c

(
(1 − γth)×

√
M × SNRi

8

)
+

M − 1
2

er f c

(
(γth)×

√
M × SNRi

8

)]
(19)

When the WMPC is considered, the BER performance is the result of the probability of
error of the M-DPPM scheme multiplied by the probability of error owing to the proposed
WMPC. For this analysis, we must consider the effect of multiple-user interference when
chips from other users interfere with the desired chip owing to multiple access. Table 5 lists
the WMPC BER performance parameters used in (21) [35–41].

Table 5. BER performance parameters when the WMPC sequence is used.

Parameter Description

N Maximal number of users out of 2P2 − 2P, where P is the WMPC prime
number

αn

Random variable representing active user # n, where

n ∈
{

1, 2, . . . , P2}, αn =

{
1, i f user #n is active
0, i f user #n is inactive

and ∑
2P(P−1)
n=1 αn = N

U Random variable representing the number of active users in the first group,
U = ∑P

n=1 αn
u Realization variable of U
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Table 5. Cont.

Parameter Description

PU(u)

Probability distribution function of the active users in all groups,

PU(u) =

(
2P(P − 1)

N − u

)(
2P − 2
u − 1

)
(

2P(P − 1)− 1
N − 1

)

l
Random vector defining the amount of interference,

l = (l0, l1, . . . , lM−1)U, li is a random variable representing the number of
chips that interfere with time slot i.

w Vector realizing l, w = (w0, w1, . . . , wM−1)U

P
l
...U

Probability of the random vector l,

P
l
...U

(
w0, w1, . . . , wM−1

...u

)
= 1

MN−u
(N−u)!

w0!w1!...wM−1!

The total BER performance of the proposed M-DPPM/WMPC scheme can be written
as [35–41].

BER = BERM−DPPM·PE (20)

where PE given as

PE ≥
N−u
∑

w1=2P

(
N − u

w1

)
1

Mw1 .
(

1 − 1
M

)N−u−w1
.
min(w1−2P, N−u−w1)

∑
w0=0

(
N − u − w1

w0

)
1

(M−1)w0(
1 − 1

M−1

)N−u−w0−w1
+ 0.5

N−u+2P−1
2
∑

w1=2P−1

(
N − u

w1

)
1

Mw1

(
1 − 1

M

)N−u−w1

(
N − u − w1
w1 − 2P + 1

)
1

(M−1)w1−2P+1

(21)

6. EVM Analysis

The EVM is a new metric used to measure the quality of an optical signal in terms of
the BER performance and optical SNR (OSNR). To evaluate the EVM, the received error
vector and ideal transmitted vector must be defined, and the root mean square of the
difference between these two vectors is calculated [53,54]. For the M-ary DPPM and WMPC
modulation and coding schemes, we can express EVM as

EVM =
1 − 1√

M
0.5log2(M)

er f c

√ 3
2

(M − 1)EVM2

 (22)

and the percentage of the EVM can be expressed as

EVM% =
BERmax − BER

BER
∗ 100% (23)

7. Results and Discussion

In this section, we focus on the BER performance versus the transmission distance and
number of active users and investigate the effect of the type of water, type of modulation
scheme, operating wavelength, multiplicity parameter, aperture area, and WMPC parameters.
Furthermore, EVM and OSNR are compared in these results for their different coding schemes.
Figure 7 presents the BER performance versus the transmission distance for the OOK-OCDMA
and 2-DPPM-OCDMA systems for different types of water at receiver apertures of 400 nm and
a 0.01 m2 receiver aperture. From this figure, we can observe that the 2-DPPM modulation
scheme almost outperforms the OOK modulation scheme, and the system can communicate
over a range of 17 m, 15 m, and 7.5 m for the type-1 pure seawater with C = 0.03, type-2
ocean clear water with C = 0.38, and type-3 unclear ocean water at C = 3, respectively, at
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10−9 BER. In the case of type 3, the transmission distance was incomparable to those of the
other two types owing to the large amount of attenuation that occurred. The effect of the
operating wavelength is presented in Figure 8 in the transmission distance for OOK-OCDMA
and 2-DPPM-OCDMA in the case of type-1 pure seawater with C = 0.03 at a 0.01 m2 receiver
aperture area. In this figure, we observe that the best communication distance is 460 nm in
the blue–green region, which outperforms the results at 400 nm and 600 nm. At a 10−9 BER
performance, when the operating wavelength is 460 nm, the system can communicate over
a range of 18 m compared to the 5.5 m transmission distance at 600 nm. The effect of the
receiver aperture area is presented in Figure 9, which shows the BER performance versus
transmission distance for the OOK-OCMDA and 2-DPPM-OCDMA systems at 460 nm in
pure seawater. When the receiver aperture area increases, the receiver field of view increases,
and more optical power can be received, which allows the system to communicate over a
longer transmission distance. In Figure 9, when the receiver aperture increased to 0.05 m2,
the system could communicate over 22 m compared to 18 m for a 0.01 m2 receiver aperture
area at 10−9 BER performance. From the above results, we can conclude that the M-DPPM is
a better modulation scheme than the OOK. In the following results regarding how we can
increase the transmission distance underwater, the effect of the coding and system multiplicity
must be taken into consideration. Figure 10 presents the 2-DPPM/WMPC-OCDMA system
BER performance versus the transmission distance for pure seawater, with C = 0.03, at 460 nm,
receiver aperture area of 0.05 m2, and different values of the WMPC prime number P. The
variation in the prime number P varies the code sequence length and code weight, and the
increase in P increases the code weight and consequently increases the optical power received.
This also enhances the BER performance and increases the transmission distance.
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Figure 10. BER performance versus the transmission distance of 2-DPPM/WMPC-OCDMA system
for pure seawater with C = 0.03, at 460 nm, receiver aperture area of 0.05 m2, and different values of
the WMPC prime number P.

As shown in Figure 10, when the prime number P increases, the transmission distance
increases until a certain value is reached. Above this value, the increase in P did not change
the transmission distance because the system’s multiple-access interference degrades the
OSNR. In these results, P varied from 11 to 59, and the transmission distance varied from
45 m to 155 m. From P = 53 to 59, the change in the transmission distance was less at
approximately 5 m, and it is clear from the figure when P increases above 43 at 53, 57, and
59. For more clearance, we can see that above 53, the increase in the transmission distance is
slightly above 57, and the transmission distance is approximately the same. This is because
when P increases, the multiple-user interference increases and reduces the OSNR, and there
is no effort to increase the code parameter P.

Figure 11 shows the BER performance versus the received optical power for the M-
DPPM/WMPC-OCDMA system for pure seawater with C = 0.03, at 460 nm, receiver
aperture area of 0.05 m2, WMPC prime number P = 53, transmission distance 800 m,
and different values of system multiplicity M. The results show that when the received
optical power increases, the BER performance improves. Also, this figure shows the BER
performance enhanced with the system multiplicity increase.

Figure 12 presents the BER performance versus the transmission distance for the
M-DPPM/WMPC-OCDMA system for pure seawater with C = 0.03, at 460 nm, receiver
aperture area of 0.05 m2, WMPC prime number P = 53, and different values of system
multiplicity M. According to Equation (19) in Table 5, when the system multiplicity in-
creases, the SNR increases, and the BER performance decreases, which increases the link
transmission distance. However, when M increases to a certain value, the transmission
distance increases at a low rate, and above this value, the transmission does not change
as M increases. Figure 12 shows that when M increases from 2 to 512, the transmission
distance increases from 155 m to 930 m at a BER of 10−9. Above M = 512, the transmission
distance does not change owing to degradation in the OSNR.
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system for pure seawater, with C = 0.03, at 460 nm, receiver aperture area of 0.05 m2, WMPC prime
number P = 53, and different values of system multiplicity M.
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Based on the above results, we obtained the optimum system parameters for calculating
the network capacity and bit rate per user. Figure 13 illustrates the BER performance versus
the number of active users N for the 256-DPPM/WMPC system, while considering all the
optimum parameters achieved above at different values of the coding parameter P. The results
showed that when P was increased from 23 to 59, the number of active users increased from
360 to 1310. Above P = 59, the multiple-access interference increases, and the number of active
users remains the same at a BER performance of 10−9. From the results obtained without any
interference, we find the code sequence chip time duration Tc = 2.6 ps, and the optimal value
of P = 53, and thus, the bit time duration can be calculated as

Tb = P2Tc = 2809 × 2.6 ps = 7.3 ns

Furthermore, the bit rate Rb = 1
Tb

= 137 Mbps, and the network throughput equals
137 Mbps × 1310 user = 180 Gbps ∗ user.

The EVM% versus the system OSNR for different types of modulation schemes is
presented in Figure 14. This figure illustrates that the proposed 256-DPPM/WMPC scheme
outperformed the other modulation schemes for any EVM%. Moreover, when the proposed
scheme was considered, the EVM% was the lowest at any OSNR. Furthermore, at 30 dB OSNR,
the EVM% was 17%, 5%, and 2% for the 64-DPPM, 256-DPPM, and 265-DPPM/WMPC
modulation schemes, respectively. This was due to the sufficient optical signal received
at the receiver and the high efficiency of the proposed hybrid modulation/coding scheme.
Table 6 compares the published and proposed techniques for underwater optical and wireless
communication systems. This comparison includes the BER performance, transmission
distance, number of active users, bit rate, and network throughput. From this comparison, we
observe that the proposed modulation/coding scheme outperforms other published methods
in terms of transmission distance and network throughput.
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Table 6. Comparison of the proposed 256-DPPM/WMPC-OCDMA system and the published results.

Ref. Modulation
Scheme

Transmission
Distance (m)

Throughput
(Gbps*User)

Single/Multi-
User

[1] 4-PAM 130 1 Single user
[2] IM 20 1.5 Single user
[3] NRZ-OOK 60 2.5 Single user
[4] DFT-S DMT 50 5 Single user
[10] NRZ-OOK 100 5 Single user
[12] IM 10 10 Single user
[13] NRZ-OOK 35 27 Single user
[14] 256-PPM 36 3.32 Single user
[15] OFDM 26 5.5 Multi-user

This work 256-DPPM/WMPC 930 180 Multi-user

8. Conclusions

In this study, a coherent 265-DPPM/WMPC-OCDMA system was designed for under-
water optical wireless communication. The design of the OCDMA transceiver architecture
is based on hybrid M-DPPM modulation using the WMPC sequence scheme. The WMPC
design methodology and its correlation characteristics were introduced. A mathematical
model of the channel absorption, scattering, and attenuation was studied as a function
of the operating wavelength and chlorophyll concentration coefficient. Furthermore, the
effect of the concentration coefficient on the signal attenuation and transmission distance
is presented. Variations in the operating wavelength and receiver aperture area were also
investigated. The system multiplicity variation and coding parameters were considered in
the BER analysis to enhance the transmission distance between the transmitter and receiver.
Moreover, the results proved that the proposed 256-DPPM/WMPC system can accommo-
date 1310 users communicating over 930 m under pure seawater without repeaters at a
data rate of 137 Mbps and 10−9 BER at 2% EVM%.
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