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Abstract
The receiver spatial diversity techniques are employed in underwater optical wireless communication (OWC) systems to 
mitigate oceanic turbulence, improving the bit error rate performance. In this paper, we consider an OWC system employing 
a binary phase-shift keying (BPSK) modulated Gaussian beam at the transmitter and employing receiver spatial diversity at 
the receiver. The techniques for receiver spatial diversity systems considered in the study are selection combining (SC), equal 
gain combining (EGC), and the maximum ratio combining (MRC). The bit error rate (BER) performance of the OWC system 
operating in weak oceanic turbulence is investigated by calculating the Gaussian beam’s turbulence-induced scintillation 
index and the received optical intensity. It is found that the receiver spatial diversity techniques, especially EGC and MRC, 
are very effective for reducing the BER of an OWC system in weak oceanic turbulence. Furthermore, the BER performance 
of the underwater OWC system sees an improvement with an increase in the number of photodetectors or a decrease in the 
level of oceanic turbulence. Moreover, an improvement in the photodetector responsivity or a reduction in the system's noise 
factor contributes to achieving a favorable BER performance.

Keywords  Underwater optical wireless communication · Receiver spatial diversity · Optical wave propagation · Binary 
phase-shift keying · Scintillation index · Weak oceanic turbulence

1  Introduction

The recent demands for high data rates for underwater 
applications such as real-time video transmission, ocean 
monitoring, marine archeology, and sensor networks make 
underwater optical wireless communications (OWC) sys-
tems attractive and induce development in easy to install 
commercial OWC products [1–4]. The visible light sources 
such as laser diodes (LD) or light-emitting diodes (LEDs) 

used in an underwater OWC system can provide data rates 
in the order of Gbps, but unfortunately, the performances 
of such systems are currently limited to short link ranges of 
10–150 m because of the physical nature of oceanic water 
which highly absorbs and scatters the transmitted optical sig-
nals [2, 5]. The degradation effects of absorption and scat-
tering in clear ocean are relatively weaker for optical waves 
having the wavelengths range of 450–550 nm; however, 
serious distortions on the transmitted signal are sensed in 
harbor water in which the amplitude of the transmitted signal 
attenuates one-tenth in a meter and also inter-symbol inter-
ference (ISI) occurs. Another degradation effect of oceanic 
water is oceanic turbulence which distorts the propagation 
properties of the laser beam, resulting in degradations in the 
OWC system performance [6, 7]. Oceanic turbulence occurs 
due to random fluctuations in the refractive index of the sea-
water, and the well-known degradation effects of oceanic 
turbulence on the propagating optical wave are turbulence-
induced scintillation and beam spreading. Due to the scintil-
lation effect, the intensity of the transmit signal fluctuates 
causing false detection at the receiver. On the other hand, 
the beam spreading results in attenuation in the received 
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intensity causing a decrease in the receiver signal-to-noise 
ratio (SNR) and thus reducing the bit error rate (BER) per-
formance. Overall, the attenuation in received intensity and 
the optical scintillation become important factors deter-
mining the performance of such communication systems 
and have been analyzed in several types of studies [6–10] 
with the help of an accurate oceanic power spectrum model 
defined by Nikishov and Nikishov [11]. In [8], the aperture 
averaged scintillation index and the BER of a Gaussian beam 
propagating in weak oceanic turbulence have been reported. 
In [9], the scintillation index formula has been derived under 
the assumption of spherical and the plane wave propagation. 
In [10], the scintillation index and BER for a focused Gauss-
ian beam have been analyzed in weak oceanic turbulence.

There are various techniques applied in OWC systems to 
mitigate the effect of oceanic turbulence, such as adaptive 
optics [12, 13], beam shaping [14], and modulation [13, 15, 
16]. Furthermore, spatial diversity techniques are used for 
efficient turbulence mitigation tools that can be applied both 
at the transmitter and receiver. In the literature, several works 
have been documented in [17–25] studying spatial diversity 
effects on the performance of OWC systems in underwa-
ter. In [17], the theoretical exact BER expression for spatial 
diversity system with DC-biased optical orthogonal fre-
quency division multiplexing (DCO-OFDM) is derived for 
weak oceanic turbulence, and the numerical simulations are 
supported by the derived expression. A similar experimen-
tally supported study has been reported for clear and coastal 
water [18]. The closed-form BER expressions for an under-
water OWC system employing transmit, receive, and trans-
mit/receive diversities with channel coding techniques are 
obtained in [19]. The comprehensive studies including the 
effects of spatial diversity, absorption scattering, and weak 
oceanic turbulence on the BER performance of an under-
water OWC system are presented in [20–22]. The effects 
of spatial diversity together with ISI, multi-pulse position 
modulation on the BER performance of an underwater OWC 
system under the effect of oceanic turbulence are reported 
[23]. An experimental demonstration of a multiple-input 
multiple-output (MIMO) OFDM OWC system with BER 
simulations is examined in [24]. Finally, in [25], the authors 
report how the transmit diversity reduces the scintillation 
and the resulting BER in weak oceanic turbulence.

It is worth mentioning that a recently conducted experi-
mental study, highlighting the ingenuity of applying 
MRC in the underwater optical wireless communication 
(UOWC) system, has been documented in reference [26]. 
The outcomes of experiments presented in reference [26] 
demonstrate that spatial diversity can guarantee favora-
ble performance in terms of BER and outage probability 
when employing MRC in correlated turbulence channels. 
In addition, analytical formulations for the average symbol 
error probability (SEP) and average channel capacity are 

introduced for optical waves propagating through oceanic 
turbulence using M-ary pulse position modulation (PPM), 
subject to constraints on limited average power and peak 
power [27]. Furthermore, the evaluation of channel capacity 
for UOWC systems is undertaken, considering the effects of 
inter-symbol interference (ISI) and salinity-induced oceanic 
turbulence [28]. This analysis assumes a precise representa-
tion of the undersea optical channel, achieved through the 
linear discrete-time filtering of the input symbols, as out-
lined in reference [28].

In this paper, we use receiver spatial diversity techniques, 
namely, selection combining (SelC), equal gain combining 
(EGC), and maximum ratio combining (MRC) to mitigate 
the effect of oceanic turbulence and investigate their effects 
on the BER performance of underwater OWC systems. For 
this reason, considering the propagation of BPSK modu-
lated Gaussian beam in weak oceanic turbulence, we evalu-
ate the turbulence-induced scintillation index with the help 
of the Rytov theory, the turbulence-induced received opti-
cal intensity with the help of the extended Huygens–Fresnel 
principle, and calculate the resulting BER values for the log-
normal channel under the influence of various signal noises 
in underwater. It should be noted that we have previously 
reported the BER performances of BPSK modulated Gauss-
ian beam in anisotropic and weak oceanic turbulence [15, 
16]. However, in this work, we focus on the effects of spatial 
diversity on the system performance.

The rest of the paper is organized as follows: In section II, 
we present the analytical formulas to evaluate the Gaussian 
beam’s received optical intensity and the scintillation index, 
which are used for the evaluation of BER of an OWC system 
employing SelC, MRC, and EGC under the effect of various 
underwater noises and oceanic turbulence levels. In section 
III, we present numerical results for the BER investigations 
of an OWC system operating in weak oceanic turbulence. 
Finally, we give conclusions in section IV.

2 � Formulation

2.1 � Power spectrum of oceanic turbulence 
fluctuations

Nikishov’s power spectrum [11] is commonly preferred in 
analyzing optical wave propagation in oceanic turbulence and 
has important consequences on various aspects of optical wave 
propagation through the ocean such as change in the mean 
field and irradiance, spot size (i.e., footprint of the received 
optical beam), beam wander, and particularly scintillation. 
The power spectrum model for refractive index fluctuations 
of isotropic and homogeneous oceanic water that is based on 
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salinity, temperature, and coupling fluctuations is represented 
by [11]

where � is the spatial frequency, � is the rate of dis-
sipation of kinetic energy per unit mass of fluid, � is the 
Kolmogorov microscale (inner scale), XT  is the rate of 
dissipation of mean-squared temperature, and � is a unit-
less parameter providing the ratio of temperature to 
salinity contributions to the refractive index spectrum, 
AT = 1.863 × 10−2 , AS = 1.9 × 10−4 , ATS = 9.41 × 10−3, and 
�(�, �) = 8.284(��)4∕3 + 12.978(��)2 . It should be noted that 
� varies in the range of 0.01 − 6 × 10−5 m, and � varies in 
the range of 10−10 − 10−1m2∕s3 , depending on the layers of 
ocean (abyssal ocean to most actively turbulent region, i.e., 
near ocean surface). In a similar fashion, XT ranges from 
10−10K2∕s to 10−4K2∕s, and the unitless parameter � is a 
crucial parameter since it emphasizes the relative strength 
of temperature and salinity fluctuations, � ranges from -5 
dominating temperature-induced turbulence to 0 dominating 
salinity-induced turbulence [6, 7].

2.2 � Gaussian beam propagation through oceanic 
turbulence

2.2.1 � Received optical intensity

The beam field of the Gaussian source laser at the transmitter 
spatial plane is given by [8]

where As is the field amplitude, k = 2�∕� is the wavenum-
ber, �s is the laser source size, i =

√
−1 , � is the wavelength, 

� =
(
sx, sy

)
 denotes the source transverse coordinates, and 

F0 is the phase front radius of curvature. In this study, F0 
is chosen as infinity to represent the collimated beam. To 
find the received average optical intensity on the axis, we 
use the extended Huygens–Fresnel principle in Eq.  (3) 
which involves the convolution of source field Eq. (2) with 
the spherical wave response of the turbulent medium [25], 
which is
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where L is link distance, * is the complex conjugate, and �0 
is the coherence length of the spherical wave propagating 

through the ocean, which is given by [29, 30]

Inserting the source field Eq. (2) into the convolutional 
integral, Eq. (3), and solving Eq. (3) by the repeated use of 
Eq. (3.323.2) of [31], we find the average received optical 
intensity underwater [32] as follows:

In the absence of turbulence, the wavefront of the laser 
beam is not distorted, and thus, the spatial coherence is not 
affected. To find the received optical intensity in free space 
(i.e., without turbulence), coherence length in Eq. (4) is chosen 
as infinite �0 → ∞ , and therefore, Eq. (5) reduces to Eq. (52) 
of chapter 4 of [33] which is

where Θ0 = 1 − L∕F0 , Λ0 = L∕
(
k�2

s

)
 are the transmitter 

plane parameters of the Gaussian beam, and Θ0 = 1 cor-
responds to the collimated Gaussian beam.

2.2.2 � Scintillation index

Scintillation is described as the fluctuations in the received 
intensity, and the normalized variance of intensity fluctuations 
is called scintillation index. Under weak intensity fluctuations, 
the scintillation index is approximately equal to the log-irra-
diance variance, �2

lnI
 . Using the Rytov theory and assuming 

Gaussian beam propagation, �2
lnI

 is expressed in terms of the 
log amplitude variance �2

�
 [33] as follows:

where  z  i s  d i s t ance  paramete r,  � = 1 − z∕L  , 
Λ1 = Λ0∕

(
Θ2

0
+ Λ2

0

)
,Θ1 = 1 − Θ1 , Θ1 = Θ0∕

(
Θ2

0
+ Λ2

0

)
.

(4)

�0 =

[
�2k2L

3

∞∫
0

�3Φ(�)d�

]−1∕2

=
[
1.28 × 10−8k2L�−1∕3�−1∕3XT

(
6.78 + 47.57w−2 − 17.67w−1

)]−1∕2

(5)⟨I(z = L)⟩ =
A2
s

�
k�s

2L

�2

�
1

4�2
s

+
1

�2
0

+
k2�2

s

4L2

�

(6)I0 =
A2
s

(
k�s

2L

)2

(
1

4�2
s

+
k2�2

s

4L2

)=A2
s

1

Θ2
0
+ Λ2

0

(7)

�2
lnI

= 4�2
�

=8�2k2L

1∫
0

∞∫
0

d��d�Φ(�)exp
(
−

Λ1L�
2�2

k

){
1 − cos

[
L�2

k
�

(
1 − Θ1�

)]}
,



	 Photonic Network Communications            (2025) 50:2     2   Page 4 of 10

It is imperative to emphasize that the performance of 
UOWC is significantly hindered by the scintillation induced 
by oceanic turbulence. In the underwater medium, oceanic 
turbulence is primarily generated by changes in temperature 
and salinity. As the laser beam propagates through turbu-
lence, owing to random alterations in temperature and salin-
ity, the wavefront of the laser beam is distorted, resulting 
in fluctuations in received intensity, commonly known as 
scintillation. The spatial diversity employed in this study 
serves to hinder the effects of scintillation, thereby enhanc-
ing the performance of UOWC links through the utilization 
of multiple separated small aperture detectors.

2.3 � Signal noise in underwater

There are many sources of noise, namely, background noise 
resulting from ambient light in underwater, thermal noise, 
shot noise in the presence of received signal, and photodiode 
dark current noise. These noises degrade the performance 
of the OWC system in underwater. The total noise variance 
is defined as the combination of the aforementioned noises 
and is given by [34]

where �2
Bg

= 2qRpPBgBf  is the background noise variance, 
q = 1.60217662 × 10−19 is the electronic charge in Coulomb, 
Rp is the responsivity of the PIN photodetector, PBg is the 
background noise power in watts, Bf  is the post-detection 
electrical filter bandwidth in Hz, �2

th
= 4kBTeFNBf∕RL is the 

thermal noise variance, kB = 1.3807 × 10−23 is the Boltz-
mann’s constant in Joules per degree Kelvin, Te is the equiva-
lent temperature in degrees Kelvin (oK), FN is the noise fac-
tor of the system, RL is the equivalent load resistor in ohm, 
�2
sn
= 2qRp⟨I⟩Bf  is the shot-noise variance, ⟨I⟩ is the received 

signal power given in Eq. (5), �2
dc
= 2qIdcBf  is the dark cur-

rent noise, and Idc in Amp is the dark current of the 
photodiode.

2.4 � BER performance of receiver diversity system 
in log‑normal channels

2.4.1 � Equal gain combining

EGC system samples each receiver photodetector coher-
ently with equal weights. The sum of irradiances, having 
statistically independent signal fades causes a decrease in 
the system noise. Note that the sum of irradiances with equal 
weights confirms the log-normal distribution. BER of an 

(8)�2 = �2
Bg

+ �2
th
+ �2

sn
+�2

dc

optical wireless communication system employing EGC, 
and BPSK subcarrier intensity modulation is defined by [35]

where 
[
wj

]n
j=1

 and 
[
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j=1

 , whose values are found in [35], are 
the weight factors and the zeros of an n-th-order Hermite 
polynomial, Q(x) = 0.5erfc

�
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√
2
�
 , erfc(.) is the comple-

mentary error function, K1 = RpI0As∕
√
2N2�2  , I0 is the 

received intensity in the absence of turbulence given in 
Eq. (6), �2
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 is the variance 
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tors, and �U = ln(N) −

1

2
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.

2.4.2 � Maximum ratio combining

MRC is an effective combining scheme for receiver arrays 
to combat underwater turbulence and optical noise. MRC 
requires estimation of the received irradiance and phase at 
each branch on the array. Weighted branches with signal, 
having statistically independent signal fades, are co-phased 
and summed coherently, and thus, the overall noise in the 
system is attenuated. BER of an OWC system employing 
MRC and BPSK subcarrier intensity modulation is given 
by [35]

where

and K0 = RpI0As∕
√
2N�2.

2.4.3 � Selection combining

In SelC technique, combiner selects the branch that has the 
strongest SNR level, i.e., probably exposed to less signal 
fade, and therefore, SNR level at each branch is estimated 
and compared relatively. In addition, SelC requires only one 
of the branches, which makes the complexity of the sys-
tem remarkably reduced compared to EGC and MRC. The 
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unconditional BER for an OWC system employing SelC and 
BPSK subcarrier intensity modulation is defined by [35]

3 � Numerical results

In this section, the effects of the receiver diversity on 
the BER performance of an OWC system employing a 
BPSK modulated Gaussian beam and operating in weak 
oceanic turbulence are investigated. In the simulation, 
we focus on the variations of BER performances of an 
OWC system that employs SelC, EGC, and MRC tech-
niques under various oceanic turbulence conditions. In the 

(12)Pe(SelC) =
N

2N−1
√
�

n�

j=1

wj

�
1 + erf

�
xj
��N−1

Q

�
K0exp

�
xj

�
2�2

lnI
− �2

lnI
∕2

��

following simulations, a number of the system parameters 
are assumed to be constant throughout the analysis. The 
fixed system parameters kept in the simulation are the dark 
current of the photodiode, Idc = 10 nm, the equivalent tem-

perature, Te= 300oK , the field amplitude of the Gaussian 
laser As = 30 mV ∕m, and the Kolmogorov microscale 
length � = 1 mm.

In Fig. 1, the variations of BER versus the number 
of photodetectors, N, are illustrated for various receiver 
diversity techniques. Note that N = 1 means no receiver 
diversity system, and thus, the BER performances of 
MRC, EGC, and the SelC are found to be the same. It is 
observed that an increase in N causes a clear improvement 

Fig. 1   Bit error rate versus 
number of photodetectors N 
for SelC, EGC, and MRC in 
oceanic turbulence

Fig. 2   Bit error rate versus link 
distance L for SelC, EGC, and 
MRC
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in the system performance because BER decreases rapidly 
with increasing N. The BER performance of MRC tech-
nique is found to be the best compared to that of EGC and 
the SelC techniques, and it is also found that the perfor-
mance of EGC is close to the performance of MRC.

In Fig. 2, we aimed at demonstrating the effect of link 
distance and the receiver diversity techniques on the BER 
performance of an OWC system in oceanic turbulence. It 
is clearly seen that at link distance L = 50 m, the perfor-
mance of the SelC combining technique differs from the 
performance of EGC and MRC techniques. However, with 
increasing link length, which means increasing turbulence 
level, BER performance of SelC begins to get closer to BER 
performances of EGC and MRC. It can be deduced from 
Fig. 2 that BER performances of EGC and MRC are greater 
than that of SelC in weaker oceanic turbulence levels but get 
closer at relatively higher oceanic turbulence levels.

Figure 3 shows the relation between the BER and the 
ratio of temperature to salinity contributions to the refractive 

index spectrum, ω for various receiver diversity techniques. 
It is observed that, BER performances decrease rapidly 
with increasing ω causing turbulence level to increase. A 
similar behavior presented in Fig. 2 is observed in Fig. 3. 
With increasing ω, the turbulence level increases, and the 
BER performances of SelC, EGC, and MRC get closer. At 
ω = -5, a very weak oceanic turbulence level is achieved, and 
thus, the BER performance of the SelC combining technique 
becomes quite poor compared to that of EGC and MRC tech-
niques. Figure 3 depicts a closer examination of the details at 
ω = -3, uncovering that the BER values for SelC, EGC, and 
MRC are 8.4 × 10−7 , 3.1 × 10−9 , and 1.7 × 10−9 , respectively.

In Fig. 4, we illustrate the BER versus the rate of dissipa-
tion of kinetic energy per unit mass of fluid ϵ for various 
receiver diversity techniques. Note that the oceanic turbu-
lence level decreases gradually with increasing ϵ causing 
clear performance differences among receiver diversity tech-
niques. When ϵ increases, BER decreases resulting in per-
formance improvement. It can be clearly seen that the BER 

Fig. 3   Bit error rate versus ratio 
of temperature to salinity contri-
butions to the refractive index 
spectrum ω for SelC, EGC, and 
MRC

Fig. 4   Bit error rate versus rate 
of dissipation of kinetic energy 
per unit mass of fluid ϵ for SelC, 
EGC, and MRC



Photonic Network Communications            (2025) 50:2 	 Page 7 of 10      2 

performance of MRC is the best compared to that of EGC 
and SelC for any ϵ value. The performance of EGC is close 
to that of MRC but BER values of EGC are slightly higher 
and lie above the BER values of MRC. The performance of 
SelC is lower for higher values of ϵ, i.e., at lower oceanic 
turbulence levels. Figure 4 depicts a closer examination of 
the details at ϵ = 2 × 10−4m2

/
s3 , uncovering that the BER 

values for SelC, EGC, and MRC are 1.5 × 10−5 , 8.9 × 10−7 , 
and 4.1 × 10−7 , respectively.

Figure 5 shows BER versus the ratio of temperature 
to salinity contributions to the refractive index spec-
trum, ω for EGC, and various N and XT values. General 
behavior depicted in Fig. 5 is similar to that in Fig. 3, as 
ω increases, BER increases. Furthermore, an increase in 
the number of photodetectors, N apparently improves the 
BER performance. However, when the rate of dissipation 
of mean-squared temperature XT increases, BER perfor-
mance decreases. It is found that a very large amount of 

BER reduction is achieved by using EGC with larger N and 
at lower values of XT.

In Fig. 6, we demonstrate how oceanic turbulence and 
the number of photodetectors influence the BER of an OWC 
system employing EGC. General trend observed in Fig. 6 
is similar to that in Fig. 4 for the variations of ϵ. It is found 
that EGC with larger N substantially improves the system 
performance. At a fixed ϵ, a decrease in ω causes the OWC 
BER performance to increase.

Finally, in Fig. 7, the effects of the noise factor FN and 
the responsivity of the PIN photodetector Rp on the BER 
performance are investigated for an OWC system employ-
ing EGC at the receiver. It is found that an increase in N 
causes an increase in the system performance. At a fixed 
N, BER performance increases rapidly by reducing FN and 
increasing Rp. The physical behavior of this tendency is that 
when Rp increases, more electrical output improving SNR 
is obtained, and a decrease in FN similarly will boost the 

Fig. 5   Bit error rate versus 
ratio of temperature to salinity 
contributions to the refractive 
index spectrum ω for EGC and 
various N and X

T
 values

Fig. 6   Bit error rate versus rate 
of dissipation of kinetic energy 
per unit mass of fluid ϵ for EGC 
and various ω and N values
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SNR of the system which, in turn, result in the improved 
BER performance. 

4 � Conclusion

In this study, we investigate how the receiver spatial diver-
sity will boost the BER performance of the OWC system 
employing a BPSK modulated Gaussian beam and operating 
in weak oceanic turbulence. The receiver spatial diversity 
systems considered in this study are the selection combining, 
equal gain combining, and the maximum ratio combining. 
The underwater noise sources considered in the simula-
tions are the background noise, thermal noise, shot noise, 
and the photodiode dark current noise. The turbulence-
induced optical intensity on the axis of the photodetector 
is found by using the extended Huygens–Fresnel principle 
and is assumed to obey log-normal distribution. On the 
other hand, the turbulence-induced scintillation index on 
the axis of the photodetector is derived by using the Rytov 
method. It is found that as the number of photodetectors, N 
increases, BER rapidly decreases. Furthermore, an increase 
in the link distance L, ω, and XT , causing turbulence level 
to increase, always result in performance degradation in 
the OWC system, whereas an increase in ϵ will boost the 
system performance. BER performance of MRC is found 
to be the best when compared to that of EGC and SelC at 
any oceanic turbulence level. The performance of EGC is 
always between the performance of MRC and SelC but is 
generally closer to that of MRC. In relatively lower oceanic 
turbulence levels, SelC shows quite poor BER performance 
compared to the performances of EGC and MRC. However, 
when the oceanic turbulence increases, BER performance 
of SelC begins to get closer to BER performances of EGC 
and MRC. BER performance of the OWC system increases 

rapidly by reducing the noise factor FN and by increasing the 
responsivity of the PIN photodetector Rp. EGC technique 
with higher N and Rp values and with lower FN value are 
preferable because of higher BER performance.

The findings in this paper will help OWC system 
researchers to identify how receiver spatial diversity 
affects the BER performance of an OWC system that oper-
ates in an environment where underwater oceanic turbu-
lence is an active phenomenon.
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