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Abstract
The performance of underwater wireless optical communication (UWOC) system is degraded due to the influence

of seawater transmission path loss, ocean turbulence effect, and pointing error during the transmission of optical
signals. In order to solve this problem, an orthogonal frequency division multiplexing (OFDM) UWOC system
composite channel model based on wavelength diversity was established, and the analytical expressions for the
outage probability and the average symbol error rate (SER) of the system were derived. The system performance of
wavelength diversity UWOC is investigated under different pointing errors, number of subcarriers, and maximum
ratio combining (MRC) and equal gain combining (EGC) schemes. The results show that the performance of the
UWOC system using the wavelength diversity technique is significantly improved. Compared with the no-diversity
system, a diversity order of 3 reduces the outage probability from 10 - 3 to the order of 10 - 8 and the average SER
from 10 - 2 to 10 - 7 . A smaller pointing error reduces the outage probability of the system. Additionally, a larger
ratio of beam width to receiver aperture also decreases the outage probability. Increasing the number of subcarriers
will increase the system's average symbol error rate.
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1 Introduction

UWOC has gained significant attention due to its
advantages of high transmission rate, low latency,
wider bandwidth, and higher security[1] . However,
due to the influence of seawater transmission path loss,
optical signal attenuation, and ocean turbulence
effect[2] in the process of optical signal transmission

can result in flickering of light intensity at the receiver.
Additionally, the pointing errors may cause beam drift,
which degrades the quality of system communications.
In recent years, many turbulence models adapted to

different turbulence intensities have been proposed by
researchers. The lognormal distribution model[3] is
only suitable for weak turbulence conditions, while the
Gamma-Gamma turbulence model[4] provides the best-
fit irradiance statistics for medium-strong turbulence
conditions. The K-distribution model is better suited
for strong turbulence conditions. To mitigate channel
fading, commonly employed techniques include
diversity techniques, relay assistance, modulation
schemes, and aperture averaging. There are three
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common diversity techniques: spatial diversity,
wavelength diversity, and frequency diversity.
Wavelength diversity[5] involves transmitting multiple
data copies at different wavelengths to overcome the
turbulence effects. Wang et al.[6] proposed a serial
relay OFDM free-space optical communication system
based on wavelength diversity and evaluated the
performance of the system under the combined effects
of transmission path loss, atmospheric turbulence, and
pointing errors using an exponential Weibull channel
model. He et al.[7] investigated wavelength diversity
based UWOC system using on-off keying ( OOK )
modulation over a joint fading channel with Gamma-
Gamma turbulence to analyze the outage probability
and average bit error rate (BER) of the system. Nayak
et al.[8] investigated three modulation schemes in
UWOC: quadrature phase shift keying (QPSK), dual-
polarization QPSK ( DP-QPSK ), and 4-quadrature
amplitude modulation (4-QAM). They compared the
system performance across multiple metrics, including
the maximum quality factor, minimum BER, spectral
efficiency, and eye diagram. Mohammed et al.[9]

studied the enhancement of UWOC performance using
multiple-input multiple-output (MIMO) configurations
combined with DP-OFDM and QPSK techniques,
achieving a maximum communication distance of up to
230 m and BER of 10 - 8 . Wavelength diversity has
been extensively studied in free space optical ( FSO)
communication systems, while its application in

seawater channels remains relatively unexplored.
Compared with OOK modulation, OFDM can reduce

or eliminate inter-symbol interference. Therefore, the
performance of OFDM UWOC systems with wavelength
diversity is evaluated under the influence of three key
factors: seawater path loss, ocean turbulence effect,
and pointing errors. At the receiver, MRC and EGC
techniques are employed, and the analytical
expressions are deduced on the outage probability and
the average SER of the system. The impact of pointing
errors and beam width on the outage probability, as
well as the effects of diversity order, subcarrier
number, and the two combining techniques on the
average SER are analyzed.

2 System model

The transmission model of OFDM UWOC with
wavelength diversity is shown in Fig. 1. In this system,
the mapping method used is QPSK. Wavelength
diversity is achieved by transmitting the same signals
simultaneously across multiple wavelengths from a
composite transmitter. After traversing the composite
channel, which is influenced by attenuation, oceanic
turbulence, and pointing errors, each receiver
individually detects the signal corresponding to its
assigned wavelength. These signals are finally merged
at the combining unit.

Fig. 1 OFDM UWOC system based on wavelength diversity under QPSK modulation

It is assumed that there is additive Gaussian white
noise ( AGWN ) in the channel and composite
transmitters using M different wavelengths. These
transmitters simultaneously send signals carrying
identical data, which are transmitted through the

turbulence channel model and are finally received by
the receivers at M specific wavelengths. For the mth
receiver, the received signal can be expressed as[10]

ym = hmxmρ + zm； m = 1,2,. . . ,M (1)
where hm denotes the fading factor of the mth composite
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channel, xm is the OFDM signal after modulation at the
transmitter side, ρ is the receiver responsivity, and zm
denotes the AGWN with zero mean and variance N0 / 2,
where N0 is the noise power spectral density.
OFDM is a multi-carrier modulation technique that

transmits signals in parallel over multiple subcarriers.
Assuming there are N sub-signals, the time-domain
expression of an individual sub-signal is given as[11]

sn( t) = ancos (2πfn t + ϕn)； 0≤n≤N - 1 (2)
where fn is the frequency of the nth subcarrier, ϕn is
the initial phase, t denots time, and an is the
amplitude. The time-domain expression of an OFDM
symbol is the sum of these N sub-signals, which can be
expressed in complex form as

s( t) {= Re ∑
N-1

n = 0
Anej2πfn }t (3)

where An = ancos ϕn + jansin ϕn is the complex
envelope of the modulated signal on the nth subcarrier,
generally obtained by modulating the baseband signal
through QAM or phase shift keying ( PSK) schemes.
In QPSK, each symbol carries two bits of information,
resulting in four possible phase states, 0°, 90°, 180°,
and 270°.

3 Channel model

3. 1 Absorption and scattering

The propagation of a beam underwater induces
absorption and scattering effects between photons and
seawater particles, which attenuate the average
irradiance of the beam. The path loss of optical signal
transmission in seawater can be expressed as
hl = e

- c(λ)L (4)
where L is the transmission distance of the optical
signal underwater. The total attenuation coefficient is
represented as[12]

c(λ) = a(λ) + b(λ) (5)
where a ( λ) and b ( λ) denote the absorption and
scattering coefficients, respectively. These coefficients
vary with the source wavelength λ and the type of water
body. The total attenuation coefficients of optical
signals of different wavelengths in offshore water quality
are shown in Fig. 2. In offshore water, the chlorophyll

concentration is 0. 3 mg / m3 and the non-pigmented
suspended particle concentration is 0. 8 mg / dm3 [13] .
From Fig. 2, optical signals between 550 - 590 nm
have lower total attenuation coefficients during
transmission, and the minimum total attenuation
coefficient is observed at 570 nm.

Fig. 2 Total attenuation coefficient of light signals of
different wavelengths in offshore water quality

Therefore, in this paper, 560 nm, 570 nm, and
580 nm are chosen as the working wavelengths for the
transmission signal of the 3rd-order wavelength
diversity system. For the 2nd-order wavelength
diversity system, 560 nm and 570 nm are selected,
while 570 nm is used for the no-wavelength diversity
system. Table 1 shows the offshore attenuation
coefficients for the optical wavelengths selected for the
diversity system.

Table 1 Offshore attenuation coefficients corresponding
to the wavelengths of light selected for diversity

λ / nm a(λ) / m - 1 b(λ) / m - 1 c(λ) / m - 1

560 0. 184 5 0. 237 9 0. 422 4

570 0. 181 3 0. 233 7 0. 415 0

580 0. 192 6 0. 229 7 0. 422 3

3. 2 Gamma-Gamma distribution turbulence model

In this paper, the Gamma-Gamma distribution is
adopted to model the turbulence conditions. The
irradiance power density function (PDF) of the signal
at the receiver end after transmission through this
channel follows the Gamma-Gamma statistical
distribution[14] .
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fho(ho) =
2(αβ)

α + β
2

Γ(α)Γ(β)(ho)
α + β
2 - 1Kα - β(2 αβho) (6)

where Kα - β(·) is the (α - β)-order modified Bessel
function of the second kind, Γ (·) is the Gamma
function. α and β are the large-scale and small-scale
light wave scintillation coefficients[15], respectively,
are defined as

α [= (exp
0. 196σ2l

(1 + 0. 18d2 + 0. 186σ
12
5
l )

7 )
6

]- 1
- 1

(7)

β [= (exp
0. 204σ2l (1 + 0. 23σ

12
5
l )

- 56

1 + 0. 9d2 + 0. 207d2σ
12
5

)
l

]- 1
- 1

(8)

where d = kD2 / (4L), the Rytov variance under
ocean turbulence is σ2l = 1. 23C2nk7 / 6L11 / 6 . k = 2π / λ is
the wave number, λ is the wavelength, D is the
receiving aperture size, and C2n is the refractive index
structure constant[16] .

C2n = 8πk
- 76 L -

11
6 {Re ∫L

0
dz ∫∞

-∞
dkx ∫∞

-∞
dky·

[P( z,kx,ky)P( z, - kx, - ky) +

|P( z,kx,ky) | 2Φn(k })] (9)

where z is the beam propagation direction, kx and ky
denote the spatial frequency components in the x and y
directions, respectively. P(z,kx,ky) = ikexp(( - 0. 5 /
(kL)) × iz(L - z)(k2x + k2y)), Φn(k) represents the
refractive index spatial power spectrum of ocean
turbulence[17], which is expressed as

Φn(k) = 0. 388 × 10 - 8uxuyω - 2ε
- 13 χTu

- 116·

(1 +2. 35ν
1
2 ε -

1
6 u

1
3 )[ω2e - ATδ +

e - ASδ - 2ωe - ATSδ] (10)
where u = (uxkx)2 + (uyky)2, AT =1. 863 ×10 -2, AS =
1. 9 × 10 - 4, ATS = 9. 41 × 10 - 3, δ = 8. 284νε - 1 / 3u2 / 3 +
12. 978ν3 / 2 ε - 1 / 2 u. ux and uy denote the anisotropy
factors in the x and y directions in ocean turbulence,
respectively. The kinetic viscosity coefficient ν ranges
from 10 - 5 m2 / s to 0 m2 / s. The ratio of temperature to
salinity contribution to ocean turbulence ω ranges from
- 5 to 0. The turbulence kinetic energy dissipation
rate ε ranges from 10 - 10 m2 / s3 to 10 - 1 m2 / s3 . The
mean square temperature dissipation rate χT ranges from
10 - 10 m2 / s3 to 10 - 2 m2 / s3 .

3. 3 Pointing error

As shown in Fig. 3, when the beam arrives at the
receiver at a distance L from the transmitting end, its
beam width is wz, and the receiving aperture radius is
R = D / 2. The attenuation coefficient caused by the
pointing error is[18]

hp( r,L) = A0e
- 2r

2
wzeq (11)

where r is the radial deviation, A0 = [ε( ν)] 2 is the
received optical power at the radial distance of zero,
where ε(·) is error function, ν = πR / ( 2wz), w2zeq =

w2z πε( ν) / (2νexp( - ν2 )) denotes the equivalent
beamwidth, and wz / R denotes the normalized
beamwidth. The radial deviation r follows the Rayleigh
distribution, and the probability density function of the
pointing error is

fhp(hp) =
γ2

Aγ20
hγ2 - 1p ； 0≤hp≤A0 (12)

where γ = wzeq / ( 2σs ) represents the ratio of the
equivalent beam radius at the receiving end to the
standard deviation of the pointing error displacement,
and σs is the random jitter error.

Fig. 3 Deflection of the beam in the receiving plane

3. 4 Composite channel model

Optical signals transmitted in seawater are influenced
by seawater attenuation, ocean turbulence, and
pointing error, resulting in serious energy attenuation.
In this paper, the effects of attenuation, turbulence,
and pointing error introduced in the previous subsection
are considered comprehensively. At this point, the
composite channel attenuation factor can be
expressed as
hm = hlhohp (13)
where hl represents the transmission path loss factor. ho
denotes the turbulence effect attenuation factor, and hp
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is the attenuation due to pointing error. These
influencing factors are assumed to be statistically
independent. Accordingly, the probability density
function of the fading state of the UWOC composite
channel is

fhm(hm) =
2γ2 (αβ) 2(α + β)hγ2 - 1

(A0hl) γ
2Γ(α)Γ(β)

·

∫∞h
A0hl

h
α + β
2 - 1 - γ2
o Kα - β(2 αβho)dho (14)

Kα - β(·) can be expressed in terms of the Meijer G-
function as

Kα - β(x) =
1
2 G

2,0
0,2
x2
4

-
α - β
2 , -

α - β
㊣

㊣

㊣
㊣
㊣

㊣

㊣

㊣
㊣
㊣2

(15)

Using Eq. ( 15 ), according to Ref. [ 19 ],
Eq. (14) can be simplified as

fhm(hm) =
αmβmγ2

A0hl,mΓ(αm)Γ(βm)
·

G3,01,3
αmβm
A0hl
hm

γ2

γ2 - 1,αm - 1,βm
㊣

㊣
㊣
㊣

㊣

㊣
㊣
㊣- 1
(16)

From the simplified expression, the cumulative
density function ( CDF ) can be obtained from

Fh(h)≜ ∫h
0
fh(h)dh as

Fhm(hm) =
γ2

Γ(αm)Γ(βm)
G3,12,4

αmβm
A0hl,m

hm
1,γ2 +1
γ2,αm,βm,

㊣

㊣
㊣
㊣

㊣

㊣
㊣
㊣0

(17)
where h denotes the attenuation coefficient.

4 Outage probability and average SER

4. 1 Outage probability

If phase noise is not considered, the instantaneous
signal-to-noise ratio ( SNR) of the OFDM system can
be expressed as RSN ( h) = 2P0h2 / ( qη) = RSN h2,
where P0 is the power of the signal light. Here, q
denotes the electronic charge, η denotes the detector
efficiency, RSN denotes the average SNR, RSN = 2P0 /
(qη). The outage probability refers to the probability
that the instantaneous SNR at the receiver falls below a
predetermined threshold value, denoted as RSN,th . This
is expressed as

Pout = Pr(RSN(h)≤RSN,th) = ∫
h
fh(h)dh (18)

Assuming the m channels are statistically
independent, the total outage probability corresponding
to the m channels can be derived and is given by

Pout,M =∏
M

m = 1
Pr(RSN(hm)≤RSN,th) = Pr(RSNh2≤

RSN,th) = ∏
M

m = 1
F (m

RSN,th
R )
SN

(19)

By substituting Eq. (17) into Eq. (19), the total
outage probability of UWOC system based on OFDM-
QPSK modulation with wavelength diversity can be
expressed as

Pout,M =∏
M

m = 1

γ2
Γ(αm)Γ(βm)

·

G3,12,4
αmβm
A0hl,m

RSN,th
RSN

1,γ2 + 1
γ2,αm,βm,

㊣

㊣
㊣
㊣

㊣

㊣
㊣
㊣0

(20)

4. 2 Average SER

In UWOC system, when OFDM modulation is used
at the transmitter side with QPSK mapping, the SER of
the system can be expressed as[20]

Ps = (Q RSNh2
2TB )S (21)

where Q (·) is the Gaussian Q-function, RSN
represents the average SNR, T is the symbol period, S
is the number of subcarriers of the OFDM signal, B
denotes the signal bandwidth.

4. 2. 1 MRC

In wavelength diversity OFDM underwater wireless
communication system using the MRC technique, the
signals on each receiving path are combined with in-
phase weighting. The path with the strongest signal is
assigned the highest weight. The average SER of the
system can be expressed as

Pavs,MRC = ∫∞
0

(Q 2TBRSN
MS ∑

M

m = 1
h2 )m fhm(hm)dhm

(22)
where hm denotes different channel fading states. Using
Q(x)≈(1 / 12)exp( - x2 / 2) + (1 / 4)exp( - 2x2 / 3),
exp( - x) = G1,00,1(x | -0 ) and Eq. (21) in Ref. [21],
Eq. (22) can be simplified to derive the final MRC
average mis-sign expression, shown as
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Pavs,MRC =
1
12∏

M

m = 1

2αm + βm - 3γ2
Γ(αm)Γ(βm)π

G1,66,3
16TBRSNA20h2l,m
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2 ,2 - γ

2
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㊣
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㊣
㊣
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㊣

㊣

㊣
㊣
㊣
㊣2

(23)

4. 2. 2 EGC

EGC sets all the variable weights in the MRC
technique to the same value and then performs the
same operation as in the MRC scheme to sum the
signals in-phase. Since EGC does not require different
weights for each channel, it reduces system complexity
compared to the MRC technique and simplifies the
experimental equipment. The expression for the

average SER when using the EGC technique can be
derived similarly to that for the MRC technique, shown
as

Pavs,EGC = ∫∞
0

[Q 2 RSNTB
M2 (S ∑

M

m = 1
h )m ]

2
fhm(hm)dhm

(24)
Simplifying Eq. (24) leads to the final expression

for the EGC average SER shown as

Pavs,EGC =
1
12∏

M

m = 1

2αm + βm - 3γ2
Γ(αm)Γ(βm)π

G1,66,3
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α2mβ2mM2S
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1
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㊣
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㊣2

(25)

5 Experimental results and analysis

This section analyzes the performance of the system
using wavelength diversity UWOC under pointing error

and ocean turbulence, based on the analytical
expressions for the outage probability and the average
SER derived from the previous theoretical derivations.
The system simulation is conducted using Matlab. The
simulation parameters are provided in Table 2.

Table 2 Simulation parameter
Parameter Value

Ratio of temperature and salinity contribution to ocean turbulence ω - 1
Kinetic energy dissipation rate ε / (m2·s - 3) 10 - 4

Mean square temperature dissipation rate χT / (K
2·s - 1) 10 - 4

Dynamic viscosity coefficient ν / (m2·s - 1) 10 - 5

Receiver diameter D / mm 1
Transmission distance L / m 10
Ratio of beam width to aperture radius wz / R 4
Ratio of jitter standard deviation variance to aperture radius σs / R 3
Wavelength / nm 560,570,580
Photon detection efficiency η / % 32,30,29
Modulation order 4
Signal bandwidth / MHz 6. 4
Subcarrier spacing / kHz 25
Number of subcarrier 256

601



Issue 2 He Fengtao, et al. / Performance study of wavelength diversity OFDM underwater wireless optical communication system

 The receiver responsivity is calculated as ρ = Gηe /
(hν), where e denotes the electron charge, h denotes
Planck's constant, ν denotes the frequency, G denotes
the multiplication factor of avalanche photodiode, and
η denotes the photon detection efficiency. The photon
detection efficiencies at the wavelengths 560 nm,
570 nm, and 580 nm are 32% , 30% , and 29% ,
respectively. The average SNR of optical signals at
wavelengths of 560 nm, 570 nm and 580 nm
transmitted in seawater are RSN1, RSN2 and RSN3,
respectively. When L = 10 m, the average SNR of
optical signals at wavelength 560 nm is RSN2 =
0. 946RSN1, and at 580 nm is RSN3 = 0. 778RSN1 . When
L = 15 m, the average SNR of 560 nm is PSN2 =
0. 895RSN1, and at 580 nm is RSN3 = 0. 704RSN1 .
Fig. 4 shows the variation in the outage probability

with normalized SNR for the UWOC system transmitting
under strong turbulence with pointing errors of 2, 3,
and 4, respectively. When ux = 2,uy = 2, the Rytov
variance exceeds 1, indicating that the system operates
in a strongly turbulent environment.

Fig. 4 Variation of the outage probability of the wavelength
diversity UWOC system with normalized SNR under different
pointing errors

In Fig. 4, the system with wavelength diversity
demonstrates a lower outage probability than the system
without wavelength diversity when the pointing error is
constant. Furthermore, the performance of the 3rd-
order wavelength diversity system is better than that of
the 2nd-order wavelength diversity system. For
instance, at SNR of 100 dB and σs / R = 2, the outage
probabilities are 8. 328 × 10 - 3, 1. 475 × 10 - 4, and
1. 969 × 10 - 5 for M = 1, 2, and 3, respectively.

Additionally, for the same diversity order, the average
SER decreases gradually with decreasing pointing
error. The outage probability of the system decreases
from 0. 095 to 1. 475 × 10 - 4 when the SNR of 100 dB.
Fig. 5 investigates the variation in outage probability

with normalized SNR when the ratio of beam width to
aperture radius is 4, 6, and 8, respectively. In Fig. 5,
the larger the ratio of beam width to aperture radius,
the smaller the beam drift, resulting in a more stable
signal received at the receiver and thus reducing the
system outage probability. For example, at SNR of
100 dB and wz / R increases from 4 to 8, the outage
probability decreases from 0. 108 to 5. 289 × 10 - 4 in
the no-wavelength diversity system. In contrast, in the
3rd-order wavelength diversity system, the outage
probability decreases from 6. 086 × 10 - 3 to
5. 138 × 10 - 8 .

Fig. 5 Variation of the outage probability of the wavelength
diversity UWOC system with normalized SNR under different
beam width to aperture radius ratios

 Fig. 6 plots the variation in the average SER of the
wavelength diversity UWOC system using MRC and
EGC techniques at the receiver side when transmitting
over 10 m in isotropic and anisotropic strong ocean
turbulence conditions. In Fig. 6 (b), when SNR is
30 dB, the average SER of the 2nd-order and 3rd-order
wavelength diversity UWOC systems using MRC
technology in anisotropic turbulent conditions are
5. 528 × 10 - 5 and 2. 23 × 10 - 6, respectively. For the
2nd-order and 3rd-order wavelength diversity UWOC
system using EGC technology, the average SER are
8. 018 × 10 - 5 and 6. 116 × 10 - 6, respectively. The
results show that the average SER of the UWOC system
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using 2nd-order and 3rd-order wavelength diversity
decreases in turbulent conditions compared to a system
without wavelength diversity. As the number of
operating wavelengths increases, the average SER of
the system decreases more significantly. Additionally,
the MRC technique at the receiver side in the UWOC
system with the same number of diversity orders results
in a lower average SER than the EGC technique.

Fig. 6  Comparison of average SER of the wavelength
diversity UWOC systems using MRC and EGC
techniques with different anisotropy factors

 

 Fig. 7 investigates the impact of the number of
subcarriers on the average SER of the wavelength
diversity UWOC system at transmission distances of
10 m and 15 m. Analysis of Fig. 7 reveals that, under
the same diversity order and SNR conditions, the
system achieves a lower SER when the number of
subcarriers is 128. In Fig. 7(a), with M = 3 and SNR
of 70 dB, the average SER is 4. 492 × 10 - 5 for 128
subcarriers and 6. 625 × 10 - 5 for 256 subcarriers. This
indicates that increasing the number of subcarriers
results in a higher average SER, with a more

noticeable impact on systems utilizing diversity. The
number of subcarriers is not always better when
increased, as modulating multiple subcarriers with the
same phase signal may lead to significant peak power
after aggregation. The more subcarriers there are, the
higher the aggregated signal peak, potentially causing
inter-carrier interference and degrading system
performance. When the transmission distance increases
to 15 m, the average SER of a non-diversity system
with 128 subcarriers increases from 5. 516 × 10 - 3 to
8. 757 × 10 - 3； in a 2nd-order diversity system, it
increases from 2. 447 × 10 - 4 to 9. 527 × 10 - 4； and in a

Fig. 7  Variation of the average SER with the average
SNR under different transmission distances and
subcarrier numbers

3rd-order diversity system, it increases from 4. 492 ×
10 - 5 to 2. 402 × 10 - 4 . Therefore, while the system's
communication coverage expands with increased
transmission distance, the average SER also increases.
Thus, using wavelength diversity technology and
selecting an appropriate number of subcarriers can
improve system performance.
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Fig. 8 shows the performance variation in the average
SER of the wavelength diversity UWOC system under
different anisotropy factors.

Fig. 8 Comparison of average SER performance of
wavelength diversity systems with different anisotropy
factors

As the anisotropy factors ux and uy increase
simultaneously in the x and y directions, respectively,
the average SER of the UWOC systems without
wavelength diversity and with 2nd-order and 3rd-order
wavelength diversity decrease significantly, and are
symmetrically distributed. For example, in the 3rd-
order wavelength diversity UWOC system, increasing
the anisotropy factors ux and uy causes the average SER

to decrease from 5. 597 × 10 - 3 to 4. 487 × 10 - 8 . When
the anisotropy factors are equal, the average SER of
the system using wavelength diversity is lower
compared to the system without wavelength diversity.
Additionally, the 3rd-order wavelength diversity
UWOC system performs better than the 2nd-order
UWOC system. At the anisotropy factor ux = 3,uy = 4,
the average SER of the no-wavelength diversity UWOC
system is 5. 993 × 10 - 3, while the average SER of the
2nd-order and 3rd-order wavelength diversity UWOC
systems are 1. 508 × 10 - 4 and 5. 985 × 10 - 6,
respectively.

6 Conclusions

In this paper, a wavelength diversity-based OFDM-
QPSK UWOC system was proposed, which
comprehensively considers the effects of attenuation,
turbulence, and pointing error during optical signal
transmission. An underwater composite channel model
is established, and analytical expressions for the outage
probability and average SER are derived based on
equivalent structural parameters expressed by ocean
refractive index fluctuations and the anisotropy factor.
These expressions are used to analyze the performance
variations of wavelength diversity UWOC under
different conditions. The results show that, compared
with the UWOC system without wavelength diversity,
the system using wavelength diversity technique has
improved outage probability and average SER. As the
anisotropy factor increases, the impact of ocean
turbulence on the system gradually diminishes. The
higher the diversity order, the average SER gradually
decreases, with values as low as 4. 487 × 10 - 8 . For
the same order of wavelength diversity, the average
SER of the system using MRC at the receiver side is
lower than that using EGC, while the system is more
complicated than the experimental system.
Furthermore, reducing the pointing error decreases the
system's outage probability. When the diversity order is
3, reducing the pointing error from 4 to 2 decreases the
outage probability from 5. 384 × 10 - 2 to 1. 969 × 10 - 5 .
In OFDM systems, increasing the number of
subcarriers does not always enhance performance, it
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depends on the specific channel environment and
system parameter settings. This paper provides a
theoretical foundation for the subsequent design and
optimization of OFDM systems.
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