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Abstract. Visible light communication (VLC) has the ability to provide a high data rate up to
Mbps in underwater environments for real-time communication systems. In underwater VLC
(UWVLC), two major impairments are the turbulence-induced fading due to variation of salt
and temperature of seawater and incremental path loss with distance due to absorption and scat-
tering. We consider these two impairments and derive the closed form expressions for average
symbol error probability (ASEP), asymptotic relative diversity order, and ergodic capacity for
UWVLC dual-hop cooperative communication system. We consider multiple receiver branches
with selection combining to combat the effect of fading. The impact of temperature on the fading
parameters and system performance is highlighted. We conduct a comparative analysis of ASEP
for four-pulse amplitude modulation and four-square quadrature amplitude modulation schemes
and draw useful insights. We prove the accuracy of the derived analytical expression using
Monte Carlo simulations. © 2021 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:
10.1117/1.OE.60.3.035111]
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1 Introduction

Recently, maritime activities, such as environmental monitoring, port security, oceanographic
data collection, and tactical surveillance, have been expanding their scope. As a result, there is
a growing demand for high-speed underwater wireless communication systems.1,2 Acoustic
underwater communication (UWC) has received attention in the last few decades because it can
support a transmission range up to tens of kilometers. However, acoustic waves fail to support a
high data rate.3 Further, as the speed of the acoustic signal in water is quite low, there is a chal-
lenge of latency that needs to be dealt with. In addition, the acoustic band has a very small
bandwidth, which makes it increasingly difficult to have high data rates in hundreds of Mbps.4

Due to these limitations of acoustic communication, underwater visible light communication
(UWVLC) is emerging as an envisioned alternative to acoustics communication. Optical
wireless communication (OWC) has the capacity to dominate the market of underwater
wireless communication due to its low latency. It has lately been applied to many underwater
applications such as imaging and real-time video transmission, and the results have surely been
encouraging.1,2 The OWC supports information transmission in the wavelength range of 100 nm
to 1 mm utilizing light sources such as light-emitting diodes and laser diodes.5 The experimental
results have shown that attenuation is minimum in the wavelength range of 520 to 560 nm for
applications involving coastal water.6 Looking at the current trends, the commercial market of
underwater optical modems, which are currently available up to data rates of 500 Mbps, can be
expected to grow at a fast rate.5,7

Underwater, the refractive index of the water varies with depth. This leads to abrupt changes
in the average power received, thereby creating optical turbulence.8,9 Further, the density of the
water increases with depth in underwater. The density of seawater is inversely proportional to
temperature and directly proportional to pressure and salinity. However, the effect of the pressure
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is usually neglected.8,10 Therefore, variation in the refractive index, by and large, depends upon
the change in temperature and salinity. Exhaustive research has been conducted to show the
impact of attenuation and scattering on optical carriers for UWC.6,11–13 The impact of eddy dif-
fusivity on turbulence-induced fading has been explored and incorporated in different channel
models for the varying depth of water.14–17 Mohammed et al. modeled the irradiance fluctuations
due to the weak turbulence of water using lognormal distribution.15,18 The effect of strong tur-
bulence in UWVLC has been investigated, in which a vertical channel was modeled with the
help of cascaded independent non-identically distributed gamma–gamma probability density
function (PDF).17,18

Diversity plays a major role to improve the performance in UWC.4,19–21 Yilmaz et al.4 ana-
lyzed performance for vertical UWVLC link for various transceivers. Moreover, the transmitter
diversity has been explored in Refs. 22 and 23 and the system performance was analyzed con-
sidering weak turbulence. Elamassie et al.11 presented a closed-form expression for path loss
assuming serial equidistant UWVLC system using amplify-and-forward (AF) and decode-
and-forward (DF) relay and derived the maximum distance for a targeted bit error rate
(BER), however, the effect of turbulence has not been considered.

The on-off keying (OOK) and pulse amplitude modulation (PAM) have been widely used as
preferred modulation techniques in UWVLC. However, the poor spectral efficiency exhibited by
OOK and PAM has made quadrature amplitude modulation (QAM) a more often used technique
due to its ability of being able to possess high spectral efficiency.24,25

This paper considers a dual-hop DF relayed UWVLC system, where one laser source is
available at the transmitter and N photodetectors at the destination. The relay is equipped with
a single-laser source and a photodetector and placed in the middle of the source and destination.
The main contribution of this paper is as follows.

• For the considered system, we have derived the closed-form analytical expressions of aver-
age symbol error probability (ASEP) and ergodic capacity.

• We have derived the analytical expression of relative diversity order (RDO) for lognor-
mally distributed channel incorporating DF relaying and selection combining (SC) at the
receiver. As an important observation, it is demonstrated that in a cooperative relaying
system, with receiver diversity used only at the relay to destination link, the diversity order
does not improve. However, in such a system, SNR gain is achieved, which increases with
the number of receiver branches at the destination node.

• Further, we derive the analytical expression of asymptotic relative diversity order (ARDO)
and ergodic capacity and study the effect of temperature on these performance metrics.

• We have demonstrated the effect of variation in the temperature of seawater on the per-
formance for PAM and RQAM schemes. We have also studied the effect of employing
multiple photodetectors at the destination node and highlighted the SNR gain achieved.

• Furthermore, we have presented our results using simulations and compared them with
their analytical counterparts. A close matching between them validated our analytical
expressions of ASEP and ergodic channel capacity.

The remainder of this paper is organized as follows. In Sec. 2, we describe the dual-hop
underwater channel and system with the parameters of the scintillation index. In Sec. 3, we
present the performance analysis in terms of ARDO, ASEP for PAM and SQAM schemes, and
also derive analytical expression for ergodic capacity. Section 4 shows the derived results with
Monte Carlo simulations. The conclusions are finally presented in Sec. 5.

2 System and Channel Model

We consider an line-of-sight dual-hop UWVLC cooperative communication system with one
laser source at the transmitter node and N photodetectors at the destination node D. The con-
sidered system is shown in Fig. 1, where S is the source node that transmits information to theD
with the assistance of a relay node R, which has a single pair of transmitter and receiver. The
distances between source to relay and relay to destination are denoted by LSR and LRD, respec-
tively. The cooperation of a relay assisted system works on half-duplex mode considering the
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channel state information (CSI) available at R and D. The N −R −D links are considered as
independent, and the separation between the photodetectors is kept very small in the orders of
centimeters as compared to the transmission range L. The total allocated power P is divided
between S and R nodes. Let PS and PR be the power assigned to S and R, respectively.
The total aperture area (Ar) at the receiver gets divided into N parts, with each part connected
to a photodetector.4,26 Let x be independent and identically distributed (IID) transmitted infor-
mation symbol with average energy normalized to 1, E½jxj2� ¼ 1. The communication over
relayed link takes place in two phases. In the first phase, S sends the signal to R, and in the
second phase, R sends the signal to the D.

The relay R receive the signal yR in the first phase, which can be expressed as22

EQ-TARGET;temp:intralink-;e001;116;397yR ¼ η°PSISRhSRxþ wR; (1)

where η° is the electrical to optical conversion efficiency. The ISR and hSR represent the turbu-
lence induced fading coefficient and attenuation coefficient, respectively. The ISR follows the
log-normal distribution under the weak turbulence condition with PDF:15,18

EQ-TARGET;temp:intralink-;e002;116;330fISRðISRÞ ¼
1ffiffiffiffiffi

2π
p

σISR ISR
exp

�
−ðlnðISRÞ − μISRÞ2

2σ2ISR

�
; (2)

where ISR ∼ LNðμISR ; σISRÞ and lnð·Þ represents the natural logarithm. The mean value of ISR is
normalized to 1 by setting μISR ¼ −0.5σ2ISR . The wR is the additive white Gaussian noise

(AWGN) with mean 0 the variance σ2wR
.27 The relayR operates in DF mode. It detects and again

modulates the received signal with power PR and then sends the signal to theD. The destination
D is equipped with N photodetectors and employs SC. In the SC, we select the photodetector
with the highest SNR for detection.

The received signal at the n’th detector is expressed as

EQ-TARGET;temp:intralink-;e003;116;193yðnÞD ¼ η°PRhRDI
ðnÞ
RDx̂þ wðnÞ

D ; (3)

where 1 ≤ n ≤ N.
The detected signal at the relayR is represented by x̂. The hRD is the path loss ofR −D link,

which is normalized to S −D link. The wðnÞ
D represents AWGN with mean value 0 and variance

σ2wD
.28 The IðnÞRD is the turbulence fading corresponding to the n’th link between R and D, which

follows log-normal distribution, IðnÞRD ∼ LNðμRD; σ2RDÞ, for n ¼ 1;2; : : : ; N. LN½·� represents the
log-normal distribution. The path loss depends upon the attenuation, scattering, and geometrical
losses. The path loss for a semicollimated laser source with a Gaussian beamshape is defined as11

Fig. 1 UWVLC system model.
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EQ-TARGET;temp:intralink-;e004;116;735hj ≈
�
DR

QF

�
2

L−2
j exp

�
−c

�
DR

QF

�
ρ

L1−ρ
j

�
; (4)

where j ∈ fSR;RDg, DR, QF, ρ, and c denote receiver aperture diameter, beam divergence
angle, correction coefficient, and extinction coefficient, respectively. The L represents the distance
in meters. The UWVLC undergoes the irradiance fluctuations due to the variation of temperature
and salt of the water, which follows the log-normal distribution under the weak turbulence.15 The
turbulence variance can be represented in terms of scintillation index σ2j as σ

2
j ¼ lnðσ2Ij þ 1Þ. In the

weak turbulence regime, for Gaussian-beam waves propagating through non-Kolmogorov turbu-
lent atmosphere, the receiver-aperture-averaged scintillation index σ2Ij can be expressed as14,29

EQ-TARGET;temp:intralink-;e005;116;609

σ2Ij ¼ 8π2k20Lj

Z
1

0

Z
∞

0

κΦnðκÞ exp
�
−
ΛLjκ

2E2

k0
−
D2

Rκ
2E2

16

�

×
�
1 − cos

�
Lκ2

k0
Eð1 − ð1 − ΘÞEÞ

��
dκ dE; (5)

where ΦnðκÞ is the spatial power spectrum model of turbulent fluctuations of the sea-water refrac-
tion given by

EQ-TARGET;temp:intralink-;e006;116;510

ΦnðκÞ ¼ ð4πκ2Þ−1 × C0

�
α2χT
ω2

�
ϵ−1∕3κ−5∕3½1þ C1ðκηÞ2∕3� × ½ω2 expð−C0C−2

1 P−1
T δÞ

þ dr expð−C0C−2
1 P−1

S δÞ − ωðdr þ 1Þ × expð−0.5C0C−2
1 P−1

TSδÞ�: (6)

The eddy diffusivity ratio dr, δ, η, and ω are defined as14

EQ-TARGET;temp:intralink-;e007;116;435dr ¼

8><
>:

jωj∕
	
jωj − ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijωjðjωj − 1Þp 


; jωj ≥ 1

1.85jωj − 0.85; 0.5 ≤ jωj ≤ 1

1.5jωj; jωj < 0.5;

δ ¼ 1.5C2
1ðEηÞð4∕3Þ þ C3

1ðEηÞ2; (7)

EQ-TARGET;temp:intralink-;e008;116;359η ¼ ðv2∕ϵÞ1∕4; (8)

EQ-TARGET;temp:intralink-;e009;116;336ω ¼ α

�
dT
dZ

�
∕β

�
dS
dZ

�
: (9)

In Eq. (6), PT is the Prandtl number of temperature, which is a unitless quantity. It is the ratio
of kinematic viscosity to molecular thermal diffusivity, defined as PT ¼ v∕DT , where DT is
defined as DT ¼ σT∕ðρ × CPÞ with σT is the thermal conductivity (Wm−1 K−1) and ρ is the
specific heat (kgm3). All the variables in Eqs. (5) to (9) are defined in Table 1. The relay is
assumed to be present in the middle of the S and D, thereby resulting in identical path loss
of the S −R andR −D links. The path losses are normalized using the path loss of S −D link.

3 Performance Analysis

In dual-hop DF relayed UWVLC system, the electrical instantaneous SNR of S −R −D link is

EQ-TARGET;temp:intralink-;e010;116;182ΨSRD ¼ minðΨSR;ΨSC
RDÞ; (10)

where ΨSR and ΨSC
RD represent the instantaneous values of SNR for S −R and R −D links,

respectively. At the destination node D, the SNR at the output of SC is expressed as

EQ-TARGET;temp:intralink-;e011;116;126ΨSC
RD ¼ max

n¼1: : : N
ΨðnÞ

RD: (11)

The instantaneous SNR of the n’th R −D link and S −R link are represented as ΨðnÞ
RD and

ΨSR, respectively. They can be computed from Eqs. (1) and (3) as
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EQ-TARGET;temp:intralink-;e012;116;352ΨSR ¼ 1

4
h2SRI

2
SRψo and ΨðnÞ

RD ¼ 1

4
h2RDI

2
RDψo; (12)

where ψo ¼ η2P2∕σ2w. The variances of noise are considered to be the same at R and D nodes,
i.e., σ2wD

¼ σ2wR
¼ σ2w. Using properties of log-normal random variables, it can be shown thatΨSR

and ΨðnÞ
RD also follows log-normal distribution. It means

EQ-TARGET;temp:intralink-;e013;116;278 lnðΨSRÞ ∼N ðμΨSR
; σ2ΨSR

Þ; (13)

EQ-TARGET;temp:intralink-;e014;116;232 lnðΨðnÞ
RDÞ ∼N ðμΨRD

; σ2ΨRD
Þ; (14)

where μΨj
¼ 2μIj þ lnð0.25h2jψoÞ and σ2Ψj

¼ 4σ2Ij .

The cumulative distribution function (CDF) and PDF expressions of end to end, i.e.,
S −R −D, SNR are derived in Ref. 30 as

EQ-TARGET;temp:intralink-;e015;116;178FΨSRD
ðψÞ ¼ 1 −Q

�
lnðψÞ − μΨSR

σΨSR

�
−Q

�
lnðψÞ − μΨSR

σΨSR

�
×
�
1 −Q

�
lnðψÞ − μΨRD

σΨRD

��
N

(15)

and

Table 1 Definition of all variables in Eqs. (5)–(9).

Parameters Definitions

C0 0.72

C1 2.35

χT Dissipation rate of mean square temperature (K2 s−3)

ϵ Dissipation rate of turbulent kinetic energy (m2 s−3)

η Kolmogorov microscale length

κ Magnitude of spatial frequency (m−1)

PTS One half of harmonic mean of PS and PT

v Kinematic viscosity (m2 s−1)

PS Prandtl number for salinity

PT Prandtl number for temperature

ω Relative strength of temperature and salinity fluctuation

α Thermal expansion coefficient l/deg

β Saline concentration coefficient l/deg

dr Eddy diffusivity ratio

Λ Fresnel ratio of beam at the receiver

Θ Beam curvature parameter

λ Wavelength (nm)

k0 Wave number (2π∕λ)
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EQ-TARGET;temp:intralink-;e016;116;735

fΨSRD
ðψÞ ¼ Nffiffiffiffiffi

2π
p

σΨRD
Ψ

exp

�
−ðlnðψÞ−μΨRD

Þ2
2σ2ΨRD

��
1−Q

�
lnðψÞ− μΨRD

σΨRD

��
N−1

Q
�
lnðψÞ− μΨSR

σΨSR

�

þ 1ffiffiffiffiffi
2π

p
σΨSR

Ψ
exp

�
−ðlnðψÞ− μΨSR

Þ2
2σ2ΨSR

��
1þ

�
1−Q

�
lnðψÞ− μΨRD

σΨRD

��
N
�
; (16)

respectively, where QðxÞ ¼ 1ffiffiffiffi
2π

p ∫ ∞
x e

−t2∕2dt. The CDF expression, when evaluated at the thresh-

old SNR ψ th, results in outage probability of the system.

3.1 Diversity Gain Analysis

In this section, we present the analysis for diversity gain by deriving the expressions of RDO and
ARDO. For log-normal fading channel, the conventional diversity order does not converge to a
specific value. Therefore, our analysis demonstrates the RDO and ARDO by taking a direct
S −D link as a reference metric. The RDO and ARDO are defined as31

EQ-TARGET;temp:intralink-;e017;116;551RDO ¼ ∂ ln Pout
SRD∕∂ ln ψo

∂ ln Pout
SD∕∂ ln ψo

; (17)

EQ-TARGET;temp:intralink-;e018;116;494ARDO ¼ lim
ψo→∞

RDO; (18)

where Pout
SRD and Pout

SD are the outage probability of S −R −D and S −D link, respectively,
defined in Ref. 30 as
EQ-TARGET;temp:intralink-;e019;116;454

Pout
SRD ¼

�
1−Q

�
lnðψ thÞ−2μISR − lnðh2SRψo∕4Þ

2σISR

��
þ
�
1−Q

�
lnðψ thÞ−2μIRD − lnðh2RDψo∕4Þ

2σIRD

��N

−
�
1−Q

�
lnðψ thÞ−2μISR − lnðh2SRψo∕4Þ

2σISR

���
1−Q

�
lnðψ thÞ−2μIRD − lnðh2RDψo∕4Þ

2σIRD

��N
;

(19)

and

EQ-TARGET;temp:intralink-;e020;116;347Pout
SD ¼ 1 −Q

�
lnðψ thÞ − 2μISD − lnðψoÞ

2σISD

�
: (20)

Equation (19) has multiplication of twoQ-functions, which is very small and can be ignored.
After taking the logarithm of Eqs. (19) and (20), and differentiating with respect to ln (ψo), and
then substituting in Eq. (17), we get the following equation:
EQ-TARGET;temp:intralink-;e021;116;264

RDO ¼
2σIRD exp

�
−1
2

�
lnðψo∕ψ thÞþ2μISRþlnðh2SR∕4Þ

2σISR

�
2
�
þ 2NσISR

�
Q

�
lnðψo∕ψ thÞ−2μIRD−lnðh2RD∕4Þ

2σIRD

��
N−1

Q

�
lnðψo∕ψ thÞþ2μISRþlnðh2SR∕4Þ

2σISR

�
þ
�
Q

�
lnðψo∕ψ thÞ−2μIRD−lnðh2RD∕4Þ

2σIRD

��
N

2σISD exp

�
−1
2

�
lnðψo∕ψ thÞþ2μIRDþlnðh2RD∕4Þ

2σIRD

�
2
�
Q

�
lnðlnðψo∕ψ thÞþ2μISD

2σISD

�

exp

�
−1
2

	
lnðψo∕ψ thÞþ2μISD

2σISD



2
� : (21)

On using the bounds of Qð·Þ function stated as32

EQ-TARGET;temp:intralink-;e022;116;124

ξ expð−ξ2∕2Þ
ð1þ ξ2Þ ffiffiffiffiffi

2π
p < QðxÞ < expð−ξ2∕2Þ

ξ
ffiffiffiffiffi
2π

p ; (22)

and applying the squeezing theorem at high SNR in Eq. (21), we obtain the ARDO as
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EQ-TARGET;temp:intralink-;e023;116;735

ARDO¼ σ2ISD
2σISRσIRD

×

2σIRD exp

�
−1
2

�
lnðψo∕ψ thÞþ2μISR

þln

	
h2
SR
4



2σISR

�2�
lnðψ °Þ

ffiffiffiffi
2π

p þ
2NσISR ð2σIRD ÞN−1 exp

�
−1
2

�
lnðψo∕ψ thÞþ2μIRD

þln

	
h2
RD
4



2σIRD

�2�N

	 ffiffiffiffi
2π

p 

N

lnðψ °ÞN

2σISR exp

�
−1
2

�
lnðψo∕ψ thÞþ2μISR

þln

	
h2
SR
4



2σISR

�2�
lnðψoÞ

ffiffiffiffi
2π

p þ
ð2σIRD ÞN exp

�
−1
2

�
lnðψo∕ψ thÞþ2μIRD

þln

	
h2
RD
4



2σIRD

�2�N

	 ffiffiffiffi
2π

p 

N

ln ðψoÞN

:

(23)

Substituting ey ¼ P
n
k¼0

yk

k! into Eq. (23) and neglecting the higher order terms, we get

EQ-TARGET;temp:intralink-;e024;116;558

ARDO¼ ðσISDÞ2
σISRσIRD

×
ð2σIRDÞ3

� ffiffiffiffiffi
2π

p �
N
lnðψoÞN−2þN2ð2σISRÞ3ð2σIRDÞN−1

� ffiffiffiffiffi
2π

p �
lnðψoÞ−1

ð2σIRDÞ2ð2σISRÞ
� ffiffiffiffiffi

2π
p �

N
lnðψoÞN−2þNð2σISRÞ2ð2σIRDÞN

� ffiffiffiffiffi
2π

p �
lnðψoÞ−1

:

(24)

Evaluating Eq. (24) at ψo → ∞, we obtain the simplified expression of ARDO as

EQ-TARGET;temp:intralink-;e025;116;457ARDO ≈
σ2ISD
σ2ISR

: (25)

Note that ARDO is the ratio of scintillation index of S −D to S −R links and does not
depend on N, and scintillation index R −D link. This happens because the instantaneous
SNR of S −R −D link is computed as the SNR of the weakest link in Eq. (10), and in the
considered system S −R is the weakest link due to diversity applied in the R −D link.

3.2 ASEP Analysis

In this section, we derive the analytical expressions of ASEP forM-ary PAM andM-ary SQAM.
The conditional symbol error probability with these modulation schemes in the presence of
AWGN is given as33

EQ-TARGET;temp:intralink-;e026;116;287PsðejΨÞ ¼ AQ
� ffiffiffiffiffiffiffi

CΨ
p �

; (26)

where A ¼ 2ðM − 1Þ∕ðM log2 MÞ and C ¼ 3∕ððM − 1Þð2M − 1ÞÞ for M-ary PAM, and
A ¼ 2ð ffiffiffiffiffi

M
p

− 1Þ∕ ffiffiffiffiffi
M

p
and C ¼ 3∕ðM − 1Þ for M-ary QAM with M is the constellation size.

The ASEP of the UWVLC system is computed using PDF-based approach. The expression
for ASEP can be expressed as

EQ-TARGET;temp:intralink-;e027;116;192Ps ¼ E½PsðejΨSRDÞ� ¼ E

�
AQ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CΨSRD

p ��
¼

Z
∞

0

AQ
� ffiffiffiffiffiffiffi

Cψ
p �

fΨSRD
ðψÞdψ ; (27)

where E½·� is the expectation operator, PsðejΨÞ is the conditional SEP for AWGN channel, and
fΨSRD

ðψÞ is the PDF of the instantaneous SNR of the received signal at receiver.
Let us assume KðΨSRDÞ is an arbitrary function of ΨSRD whose PDF is given in Eq. (16).

Then
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EQ-TARGET;temp:intralink-;e028;116;735E½KðΨSRDÞ� ¼
Z

∞

0

KðψÞfΨSRD
ðψÞdψ : (28)

On substituting the PDF of ΨSRD from Eq. (16) into Eq. (28), we get

EQ-TARGET;temp:intralink-;e029;116;688

E½KðΨSRDÞ� ¼
Nffiffiffiffiffi

2π
p

σΨRD

Z
∞

0

KðψÞψ exp

�
−ðlnðψÞ − μΨRD

Þ2
2σ2ΨRD

�

×
�
1þ

�
1 −Q

�
lnðψÞ − μΨRD

σΨRD

��
N−1�

×Q
�
lnðψÞ − μΨSR

σΨSR

�
dψ þ 1ffiffiffiffiffi

2π
p

σΨSR

Z
∞

0

KðψÞ
ψ

exp

�
−ðlnðψÞ − μΨSR

Þ2
2σ2ΨSR

�

×
�
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On performing the change of variables, x1 ¼ ðlnðψÞ−μΨRD Þffiffi
2

p
σΨRD

and x2 ¼ ðlnðψÞ−μΨSR Þffiffi
2

p
σΨSR

in the first and

second integral, respectively, of Eq. (29) and after simplifying, we get
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2
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Using Gauss Hermite quadrature technique ∫ ∞
−∞ expðx2ÞfðxÞdx ≈P

n
i¼1 wifðxiÞ34 in

Eq. (30), we obtain Eq. (31) as
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: (31)

Now taking KðΨSRDÞ ¼ AQð ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CΨSRD

p Þ and substituting in Eq. (31), the ASEP equation can
be expressed as
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; (32)

where wi and xli, l ∈ f1;2g are the weight factors and zeros of n’th order Gauss Hermite poly-
nomial, respectively.

3.3 Ergodic Capacity

The instantaneous channel capacity of a dual-hop cooperative OWC system can be calculated
as35

EQ-TARGET;temp:intralink-;e033;116;508CeðΨSRDÞ ≈
1

2
log2

�
1þ expð1Þ

2π
ΨSRD

�
bits∕s: (33)

We derive the ergodic capacity of the UWVLC dual-hop system by taking the expectation of
Eq. (33):
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2π
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�
fΨSRD

ðψÞdψ : (35)

Now, taking KðΨSRDÞ ¼ log2ð1þ expð1Þ
2π ΨSRDÞ and using Eq. (31), we get the closed form

expression of ergodic capacity as
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�
: (36)

4 Numerical and Simulation Results

In this section, we present analytical results of the proposed dual-hop UWVLC system in terms
of outage probability, ASEP, and channel capacity versus average SNR ψo. The system perfor-
mance is presented for different values of turbulence, taking two values of temperature 20°C and
30°C. The distance L between source and destination is 20 m, and the relay is placed in the
middle. The salinity is considered to be 35 PPT (parts per thousand) in both cases of temperature.
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We assume coastal water has an extinction coefficient c ¼ 0.305 and correction coefficient
T ¼ 0.13. The parameters such as ðPT; PS; α; β; vÞ of the spatial power spectrum model
ϕnðκÞ depend on the temperature and salinity of water.9,10,18 Yao et al.36 provided numerical
expressions for calculating the parameters mentioned above for a wide range of average temper-
ature and salinity concentration. Further, Ata et al.37 analyzed the BER for any temperature and
salinity concentration. We have considered the values of the temperature-dependent parameters
as defined in Ref. 22, which are calculated using TEOS-10 and FVCOM MATLAB toolboxes.

Based on the calculated values mentioned in Ref. 22, Tables 2 and 3 in conjunction with
Eqs. (7)–(9), the scintillation index is calculated. The scintillation indices for two different tem-
peratures 20°C and 30°C at link distance 20 m are 2.55 × 10−1 and 4.13 × 10−1, respectively, and
at distance 10 m, are σ2I ¼ 0.32 × 10−1 and σ2I ¼ 0.57 × 10−1, respectively. Based on the scin-
tillation indices of two temperatures, the parameters of power spectrum model, given in
Table 1,22 we generate a log-normal channel, as shown in the system model and present sim-
ulation results.

We perform the Monte Carlo simulation using MATLAB. We generate Nsym ¼ 106 IID M-
PAM/RQAM symbols with average energy normalized to 1. The direct current (DC) bias is
added to the generated symbols to move these symbols to the first quadrant. For every iteration,
we generate path loss using Eq. (4) and N samples of lognormally distributed irradiance using
Eq. (2). The received signal model given in Eq. (1) is computed considering η° ¼ 1, P ¼ 1. We
assume perfect CSI at R. The DC bias is removed, and the received symbols are equalized using
zero-forcing equalizer following symbol detection. The similar steps are implemented to sim-
ulate the signal received at D via N −R −D links as given by Eq. (3). The S −R −D instanta-
neous SNRs of N links are evaluated using Eq. (10), and the link with maximum SNR is
identified. The received signal over the identified maximum SNR link is equalized and used
for detection. The simulation results are closely matching with their analytical counterparts.

In Fig. 2, we present the outage probability versus average SNR ψ ° for the different numbers
of photodetectors N at a temperature of 20°C. The direct link without relay is also included for
comparing the system performance with receiver diversity. It is observed that the derived

Table 3 Path loss and turbulence parameter values.

Parameters Values

QF 6 deg

DR 5 cm

η 0.5 W∕A

ϵ 1 × 10−2

ω −3

χT 1 × 10−5 K2 S−3

λ 530 nm

Table 2 Temperature-dependent parameters of spatial power spectrum.

Parameters Temperature = 20°C Temperature = 30°C

Kinematic viscosity v 1.05 × 10−6 m2 s−1 8.42 × 10−7 m2 s−1

Prandtl number for salinity PS 715.60 559.71

Prandtl number for temperature PT 7.16 5.60

Thermal expansion coefficient α 2.57 × 10−4 l∕ deg 3.33 × 10−4 l∕ deg

Saline concentration coefficient β 7.32 × 10−4 l∕ deg 7.16 × 10−4 l∕ deg
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analytical expressions are closely matching with the simulated results. For the targeted outage
probability of 10−5, SNR of 39.8 dB is required in the direct link without relay, whereas for the
same outage probability, the SNR reduces to 19.4, 15.6, 13.9, and 12.5 dB for N ¼ 1, 2, 3, and 4,
respectively.

In Fig. 3, we present the outage probability versus average SNR ψo for the different numbers
of photodetectors N at a temperature of 30°C. For the outage probability of 10−5, the required
SNRs are 23.4, 18.1, 15.9, and 14.1 dB for N ¼ 1;2; 3, and 4, respectively. From Figs. 1 and 2, it
can be seen that the increase in temperature of seawater severely degrades system performance.
In other words, the strength of turbulence increases with temperature and its adverse effect is
visible on the performance.
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Fig. 2 Outage probability for different numbers of receivers at temperature of 20°C.
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Fig. 3 Outage probability for different numbers of receivers at temperature of 30°C.
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In Fig. 4, we illustrate the RDO versus average SNR ψo, and ARDO versus N photodetctors
for the considered system. From Eq. (18) and using the values of scintillation index stated above,
the theoretical ARDO is calculated as 8.02. It is observed that the RDO converges to ARDO at a
high-average SNR, thereby confirming the analytical results. Further, the acheived diversity gain
of 8.02 is due to employing cooperative relay when compared to non-cooperative direct link.
However, the number of photodetectors at the destination has no effect on the diversity order.
This is an important observation as it suggests that in dual-hop cooperative communication using
spatial diversity in either S −R orR −D link (but not both) does not provide any further diver-
sity gain. Nevertheless, an increase in temperature also does not change the diversity order.

In Fig. 5, we present the ASEP versus average SNR ψo for four-PAM and four-SQAMmodu-
lation schemes. We also consider without relay and with relay for different photodetectors N.
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A close matching between analytical and simulation results is observed. In order to achieve a
targeted ASEP of 10−4, SNR ¼ 30 dB is required considering four-PAM scheme for SISO
(N ¼ 1) link. However, it decreases to 1 dB for the relay assisted system for N ¼ 2. Further-
more, with four-SQAM, 24.5 dB less SNR is required with relay for the same ASEP and
N, which indicates significant performance improvement with the four-SQAM modulation
scheme.

In Fig. 6, we compare the analytical and simulation results of ergodic capacity versus average
SNR for both relayed and non-relayed cases considering temperature as (20°C, 30°C), and N as
(1, 4). Our results demonstrate the adverse effect of an increase in temperature on the system
capacity. For example, to achieve the capacity of 10 bps∕Hz, an average SNRs of 34.7 and 36 dB
are required for 20°C and 30°C temperatures, respectively; whereas in relayed system, an average
SNRs of 22 and 22.8 dB are required for 20°C and 30°C temperatures, respectively. Further, it is
observed that increasing the number of photodetectors at D does not have any effect on the
ergodic capacity, for both relayed and non-relayed cases.

5 Conclusion

We presented a dual-hop cooperative UWVLC system with N photodetectors at the destination.
We considered DF relay at the middle of source and destination. We modeled the underlying
channel with path loss and log-normal distribution, where the statistical parameters of log-
normal distribution depend on turbulence, which varies with the temperature of sea water.
We selected one out of N photodetectors for detection based on received SNR and derived the
analytical expression of ASEP for four PAM and four SQAM schemes using Gauss Hermite
quadrature integral method. We conducted diversity analysis and also derived closed-form
expression of ergodic channel capacity for the considered system. We also presented simulation
results for the same and observed close matching between simulations and analytical results.
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We conclude that the increase in temperature of seawater degrades the performance of the sys-
tem. However, by increasing the number of photodetectors N, the degradation in the perfor-
mance can be reduced. Furthermore, we presented the ASEP results with relay and without
relay for PAM and SQAM modulation schemes. Above all, we studied the ergodic capacity
of the system for different scenarios draw useful insights.
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