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Abstract This paper investigates the performance of
hybrid dual hop underwater system which has been pro-

posed for monitoring vast region under shallow sea envi-
ronment. This hybrid underwater opto-acoustic sensor
network (UOASN) is designed to provide higher data

rates and less propagation delay with respect to tradi-

tional acoustic underwater systems, by including opti-

cal carrier. An acoustic sensor and an optical sensor are

mounted on shallow water floor at different locations

that acquire the surrounding information and trans-
mit it continuously to the underwater vehicle based
on round-robin scheduling. Such vehicle is comprised

of decode-and-forward relaying mechanism. The under-

water acoustic link is determined by α-F fading dis-

tribution and underwater optical link follows the mix-

ture Exponential-Generalized Gamma (EGG) model to

characterize channel irradiance fluctuations. The novel

closed form expressions for various end to end (E2E)

signal to noise ratio (SNR) statistics such as equivalent

probability density function (PDF), cumulative distri-

bution function (CDF) and moments have been derived.

The analytical expressions are also obtained for outage

probability, average bit error rate, ergodic capacity and
outage capacity. Besides, the closed form asymptotic
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expressions for outage probability and average bit error

rate are derived.
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1 Introduction

Challenges, that are being faced by underwater com-

munication, have given an innovation to the wireless

communication across marine conditions in the recent

years. Rivers, lakes, seas, oceans etc are associated with

various monitoring activities like earthquake warning

system, oil leaks surveillance, oil and fuel extraction,

pressure and temperature measurement [1] etc. For such

activities, various types of underwater wireless carri-
ers can be used like radio-frequency wave, magnetic
induction, acoustic wave and optical wave. Distance
achieved, attenuation of signal, bandwidth requirement

and data rates are the main factor in selecting the mode

of communication. Underwater RF communication al-

lows only short link range through water medium, for

instance, at 100 Hz the free space wavelength is 3000
km while in sea water it is only 176 m [2, Table 2].
In case of underwater magnetic field (MF) communi-
cation, a moderate transmission distance of 10-100 m

is achieved but with less data rates (Mbps) [3]. Long-

distance communication provided by widely used un-

derwater acoustics is supported at low frequencies, in

turn there is limited bandwidth available [4]. The low

speed of underwater acoustic wave (1500m/s) lays out

the low data rates (Kbps) with high propagation delay.

Many favourable characteristics are associated with un-

derwater optical communication like almost negligible
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latency, higher data rates (Gbps) and average transmis-

sion distance [5], which makes this technology a very

promising one.

In relative to the amenities corresponding to the

mentioned underwater communication methods, the com-

bination of them can add extra value to the system net-

work which can lead to produce high data rates, wide

coverage etc. Various hybrid acoustic and optical net-

works have been designed and investigated so far. In

[6], network modelling and an energy-efficient strategy

for underwater opto-acoustic sensor network (UOASN)
have been proposed to determine that how to reduce
energy consumption. An underwater hybrid network,

which is equipped with an intermediate node carry-

ing optical and acoustic modems, have been proposed

showing that this hybrid network is better in energy

consumption and throughput than the network com-
prising only acoustic sensors [7]. Authors in [8] have
given a mixture acoustic-optical underwater communi-
cation solution for figuring out the exact localization

and tracking control of the mobile vehicle. A coop-

erative routing algorithm in [9] and SectOR protocol

for underwater hybrid network in [10] are developed

dealing in networking tasks. Mainly, the research over
Acoustic/Optical hybrid underwater systems have been
carried out on network layer and this has become the

driving force to explore the physical layer of such un-

derwater hybrid relayed wireless sensor networks.

Relaying technique is an efficient way to increase

the communication range of underwater acoustic sen-

sor networks as well as underwater optical networks

and also is an efficacious method to minimize the energy

consumption [11–14]. Moreover, decode-and-forward re-

lay (DF) has less impact of noise as it deals with the

process of decoding and re-encoding of signal at the

node. In literature, many terrestrial and underwater

mixed wireless networks using DF relay have been in-
vestigated and analysed [15–19] to demonstrate their
feasibility.

For an underwater acoustic channel (UAC), there is
always a situation to give a thought to select a proper

propagation model. Hitherto, there is no certain de-
fined model for the statistical characterization of un-
derwater acoustic channels[20]. In [21], shallow water
acoustic communication channel is statistical charac-

terized by Rician distribution. Also in [22], under the

assumption of rician fading channel, the performance of

single carrier cooperative underwater acoustic commu-

nication network has been investigated. Authors in [23]

have assumed a Rayleigh fading for underwater multi-

path acoustic propagation. According to references in

[24], it is mentioned that fast fading can be modelled

by Rayleigh, Rician, Nakagami-m and compound K-

distributions according to data gathered from various

field experiments and for large-scale shadowing Log-
normal distribution can be implied. So here, UAC hav-
ing small-scale fast fading and large-scale shadowing

is chosen to be characterized by Nakagami-Lognormal

distribution. Further, author of [25] has proposed a

new well-structured composite fading distribution for

UAC which considers shadowing effect, multipath fad-

ing and non-linearity of the transmission medium alto-

gether. The α-F distribution provides a perfect match

with the empirical data of underwater acoustic com-

munication, compared with K and α-µ distributions

concurs with other distributions (α-µ distribution and
Fisher-Snedecor F distribution) as special or limiting

cases. This distribution is considered to be more flex-

ible model, advantageous than Nakagami-m and pro-

vides high consistency with its measured data, so it

gives better results for underwater acoustic communi-

cations [26].

In earlier times, the characteristic distribution (Log-

normal) followed by free space optical (FSO) atmo-

spheric turbulence was generally adopted for irradiance

fluctuations of optical signal in water medium [27,28].

Later in [29], the modelling of irradiance fluctuations
of UWOC channels, due to the presence of air bub-
bles in both salty and fresh waters, is done by mixture
Exponential-Lognormal distribution, but its analysis is

difficult due to the numerical intractability. Fluctua-

tions of light intensity in underwater, due to salinity

gradient and due to non-turbulent temperature gra-

dient, was characterized by Weibull distribution [30]
and Generalized Gamma distribution (GGD) [31], re-
spectively. In [32], a two-lobe statistical model (mix-

ture Exponential- Gamma distribution) was proposed

to characterize irradiance fluctuations of underwater

optical signal only under the presence of air bubbles

under uniform water temperature. But authors in [33],

have presented a more realistic statistical model for
UWOC channels which considers characterization of
turbulence-induced fading depending upon different lev-

els of air bubbles and temperature gradients present in

both fresh and salty waters. It is mixture Exponential-

Generalized Gamma (EGG) distribution model.

In this paper, a hybrid UOASN is proposed that

provides large geographic area coverage in shallow sea

water. As we know, traditional underwater acoustic sys-

tems provide communication at long distances with low
data rates but on the contrary, optical sensors are fre-
quently employed for short-range communication. In

case of exclusive underwater optical networks, numer-

ous nodes must be put at various water depths to col-

lect data from the shallow water bed in order to cover

a big region. The solution is to create a dual hop hy-



Performance Analysis of Hybrid Underwater Wireless System for Shallow Sea Monitoring 3

brid Acoustic/Optical underwater monitoring system,

in which a nearby in-range area is covered by an optical

connection for short-range communication, and acous-

tic link is used to pull data from a long distance. The

suggested dual hop monitoring system consists of an

optical sensor node (OSN) and an acoustic sensor node

(ASN), which are deployed near the water’s edge ac-

cording to their communication ranges. To the best of
our knowledge, such a hybrid UOASN has not been
explored yet in terms of physical parameters in the lit-

erature so far. The summary of crucial contributions of

this paper are mentioned as:

1) The performance of the hybrid UOASN system, us-

ing DF relay protocol, is analysed based on composite

α-F fading distribution used for underwater acoustic

link while UOWC link is a mixture EGG channel, con-

sidered in thermally uniform salty water.

2) The closed form expression of outage probability and

its asymptotic analysis has been yielded to have deeper

insights of outage performance. The impact of few pa-

rameters on outage probability has been published in

[34] and rest of the results have been mentioned in this

paper.

3) Derivation of novel closed-form expressions of statis-

tics of end to end (E2E) SNR has been obtained. Also,

the analytical expressions of average bit error rate (also

in high SNR regime), ergodic capacity, outage capacity

are the new contributions of the paper.
The remainder of this paper is classified as: Section

II describes the system and channel models. The sta-

tistical properties of the E2E SNR of the links using

DF relay protocol are presented in Section III. Section

IV contains, the performance metrics derivations and

their analysis along with exact closed-form expressions.

Section V lays out analytical output and discussions.
Finally, conclusions are given in Section VI.

2 SYSTEM AND CHANNEL MODELS

2.1 System Model

In Fig. 1, an uplink hybrid functional model is pre-

sented that consists of two static sensor modems (acous-

tic and optical) mounted at sea floor serving as data

collector nodes as well as source (s) to transmit the

measured surrounding parameters. The central part of

the model consist of a static optical acoustic commu-

nication node (OACN) which acts as relay (r). This

OACN is an autonomous underwater vehicle (AUV)

and is equipped with both acoustic and optical modems

along with decode-and-forward relay protocol. This hy-

brid dual-hop underwater monitoring system works un-

der round-robin scheduling due to which it has two

Fig. 1 System Model Elevated View

configurations: 1) Acoustic/Optical wireless monitoring
system, 2) Optical/Optical wireless monitoring system.

We assume continuous data transmission from both the

sensor nodes towards OACN under dynamic TDMA

technique is used to support data of different rates. Ac-

cording to different propagation speeds and data rates,

the number of time slots for each sensor are reserved
and data is scheduled in round-robin manner.This works
on assigning the particular fixed time slots in a period-

ical way. Details of underwater monitoring system are

given as below:

1)Acoustic/Optical wireless monitoring system: For un-

derwater remote area monitoring, first hop is the acous-

tic link, which has an acoustic sensor node or source

(s) that sends the acquired data to OACN or relay (r).

Further, data is transferred on optical carrier to the

destination node (d), present on the water surface in

the form of floating vehicle or bouy.

2)Optical/Optical wireless monitoring system: For mon-

itoring underwater close proximity region, both of the

information bearer links of the dual hop relaying system

are chosen to be optical. The measured data from sur-

roundings is transmitted to the same destination node

through common OACN from the sea floor mounted

optical sensor modem.

2.2 Channel Model

In this section, modeling of both acoustic and optical

channels of the proposed system are introduced for the

analysis of system performance.

2.2.1 Underwater Acoustic Link

For underwater acoustic link, we have assumed α-F
composite fading distribution. The probability density
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function (PDF) of the instantaneous SNR γA of source

to relay acoustic link [25] is given by

fγA
(γ) =

αiχ
mi
i

2B(µi,mi)
γ

αiµi
2 ×(γ

αi
2 + χi)

−(µi+mi) (1)

where B(.,.) is the Beta function, χi =
(mi−1)γ̄

αi
2

sr

µiλ
αi
2

and

λ is defined as

λ = (mi−1
µi

)
2
αi

Γ (µi+
2
αi

)Γ (mi−
2
αi

)

Γ (µi)Γ (mi)
,mi >

2
αi

where Γ (x) = (x− 1)!. We determine, αi as the power
parameter that determines the nonlinearity of the prop-

agation media with the condition αi > 0, mi and µi

are the shadowing parameter and number of multipath

components, respectively. The value of µi varies from

1 to 10 (worse multipath to good multipath condition)

whereas mi has different values as 1.1 (heavy shadow-
ing), 5 (moderate shadowing) and 50 (light shadow-

ing)[25]. On applying [35, 8.4.2.5] and then [36, 16.19.2],

the PDF can be represented, in terms of Meijer’s G

function, as

fγA
(γ) = G1,1

1,1

(

γ
αi
2

χi

∣

∣

∣

∣

1−mi

µi

)

(2)

where ηo = 1
Γ (µi)Γ (mi)

Using Fγ(γ) =
∫ γ

0
fγ(x)dx , [37,

3.194.1] and [38, 2.9.15], the CDF of the instantaneous

SNR γA can be expressed as

FγA
(γ) = ηoG

1,2
2,2

(

γ
αi
2

χi

∣

∣

∣

∣

1−mi, 1

µi, 0

)

(3)

2.2.2 Underwater Optical Link

Here, turbulence induced fading underwater wireless
optical link is presumed to be Exponential-Generalized
Gamma (EGG) distributed. This model includes air

bubble levels and temperature gradient to character-

ize fading in both fresh and salty waters. The PDF for

instantaneous SNR γOl
[33] is given as

fγOl
(γ) = ω

rγG
1,0
0,1

(

σlγ
1
r

∣

∣

∣

∣

−
1

)

+
C(1− ω)

rγΓ (A)
G1,0

0,1

(

ρlγ
C
r

∣

∣

∣

∣

−
A

)

(4)

with

σl =
1

y(µrl)
1
r

, ρl =
1

BC(µrl)
C
r

where link l = sr, rd denoting the link between opti-

cal sensor node to OACN and OACN to floating vessel

link, respectively. µrl is the average electrical SNR with

values (r = 1) and (r = 2) for heterodyne detection and

IM/DD technique, respectively. The average electrical

SNR for heterodyne detection is determined as µ1l= γ̄l

Table 1 Estimated Parameters of the Optical Link Under
Uniform Temperature for Salty Water

BL
(L/min) ω y A B C

2.4 0.1770 0.4687 0.7736 1.1372 49.1773
4.7 0.2064 0.3953 0.5307 1.2154 35.7368
7.1 0.4344 0.4747 0.3935 1.45061 77.0245
16.5 0.4951 0.1368 0.0161 3.2033 82.1030

and for intensity modulation/direct detection, the av-

erage electrical SNR is given as

µ2l =
γ̄l

2ωy2 +
B2(1−ω)Γ (A+ 2

C )

Γ (A)

(5)

The parameters A, B and C are related to the Gen-

eralized Gamma distribution and y belongs to Expo-

nential distribution. The range of mixture coefficient

of both the distributions as ω, varies from 0 to 1. Ta-
ble I represents the values of parameters of the EGG

distribution for thermally uniform UWOC link under
salty water conditions with different air bubble levels
which are taken from [33]. The CDF of instantaneous

SNR γOl
of underwater optical channel can be framed

by integrating (4) and presented as

FγOl
(γ) = ωG1,1

1,2

(

σlγ
1
r

∣

∣

∣

∣

1

1, 0

)

+
(1− ω)

Γ (A)
G1,1

1,2

(

ρlγ
C
r

∣

∣

∣

∣

1

A, 0

)

(6)

3 Statistical analysis of End to End SNR

This section contains the closed form mathematical ex-

pressions for various statistics of the proposed hybrid

UOASN system such as equivalent CDF, PDF, gener-

alised moments, etc of end-to-end instantaneous SNR.

Under the assumption of DF relay scheme, the corre-

sponding E2E SNR of dual hop system γDH is given
by

γDH = min(γ1, γ2) (7)

where γ1 and γ2 represent the value of instantaneous

SNR of underwater first hop and second hop, applicable

to either of the two models. Under DF relaying protocol,

the equivalent CDF and PDF of the dual hop system

[38, Eq.(37)] is given as

Fγ1/2
(γ) = Fγ1

(γ) + Fγ2
(γ)− Fγ1

(γ)Fγ2
(γ) (8)

fγ1/2
(γ) = fγ1

(γ) + fγ2
(γ)− Fγ1

(γ)fγ2
(γ)

−fγ1
(γ)Fγ2

(γ) (9)



Performance Analysis of Hybrid Underwater Wireless System for Shallow Sea Monitoring 5

3.1 Acoustic/Optical Wireless Monitoring System

3.1.1 Cumulative Distribution Function

Using (3), (6) and (8), the equivalent CDF of SNR γA/O

of Acoustic/Optical dual hop system having relay to
destination optical link can be given as (10).

For yielding asymptotic analysis, the general condi-

tion is carried at γ̄ → ∞. The expression of CDF in

high SNR regime F∞
γA/O

(γ) can be obtained by substi-

tuting asymptotic expressions of CDF of instantaneous

SNR of acoustic link as well as optical link in (8) which
are derived, using [38, Eq.(2.9.1)] and [38, Eq.(1.8.4)],
as

F∞
γA

(γ) =
ηoΓ (µi +mi)

µi

(

µiλ
αi
2 γ

αi
2

(mi − 1)γ̄
αi
2

sr

)µi

(11)

F∞
γOrd

(γ) =
ω

y

(

γ

µrrd

)
1
r

+
(1− ω)

Γ (A+ 1)

(

γ

Brµrrd

)
AC
r

(12)

3.1.2 Probability Density Function

On substituting (2), (3), (4) and (6) in (9) , the equiv-

alent PDF is represented as in (13) with values

̺ = αi

2Γ (µi)Γ (mi)
, η1 = ω

r , η2 = C(1−ω)
rΓ (A)

3.1.3 Generalized Moments

Various statistical parameters like mean, variance etc
can be derived using n-th moment of the end-to-end

instantaneous SNR γ. According to the definition, the
n-th moment can be derived through

E〈γn〉 =
∫∞

0
γnfγ(γ)dγ (14)

Now, substituting (13) in (14) results in generalized ex-

pression of n-th moment in terms of gamma function

as well as univariate Fox’s H function [38] as given by

(15).

3.2 Optical/Optical Wireless Monitoring System

3.2.1 Cumulative Distribution Function

For this dual hop system, the equivalent CDF FγO/O
(γ)

is yielded by substituting (6) in (8) having FγOsr
(γ)

and FγOrd
(γ) are CDFs of optical sr link and rd link,

respectively. The final CDF expression is mentioned as
in (16).

The asymptotic CDF expression of all optical dual

hop system can be given as F∞
γO/O

(γ) and it is derived

using (8) and F∞
γOl

(γ) where

F∞
γOl

(γ) =
ω

y

(

γ

µrl

)
1
r

+
(1− ω)

Γ (A+ 1)

(

γ

Brµrl

)
AC
r

(17)

3.2.2 Probability Density Function

With similar method mentioned for Acoustic/Optical

monitoring system , we obtain the expression of equiv-

alent PDF of instantaneous SNR on putting (4) and (6)

in (9) which is represented as (18).

3.2.3 Generalized Moments

Using the basic definition as given in (14) , the n-th mo-

ment of dual hop Optical/Optical system is presented

by (19).

4 Comprehensive Performance Analysis of The

Entire Functional Model

4.1 Outage Probability

4.1.1 Exact Analysis

One of the critical performance metrics of the wireless

communication system is outage probability. It is re-

garded as a state of an outage when the instantaneous

SNR of the entire communication system falls below the

necessary threshold (thres) to be maintained. For the

proposed either of the dual hop model, the expression

for outage probability is derived as

Pout = Pr[min(γ1, γ2) < γthres] (20)

Assuming all the links to be independent and using

(3), (6) and (20) , we can obtain the closed form expres-

sions of outage probability of Acoustic/Optical moni-

toring system and Optical/Optical monitoring system,

respectively.

4.1.2 High SNR Analysis

The observations regarding impact of several dual hop

system parameters, on the outage performance of the

communication network, are judged by asymptotic anal-

ysis. On substituting (11) and (12) in (20) and after

some rearrangement the expression of outage proba-

bility of Acoustic/Optical system model at high SNR

regime is given as

P∞
outA/O

(γ) = γ
1
r

th

[

β1 + β2γth
AC + β

αiµir

2
3

×(1− β1γth − β2γ
AC
th )

]

(21)

where

β1 = ω

y(µrrd
)
1
r
, β2 = (1−ω)

Γ (A+1)

µ
−AC

r
rrd

BAC ,

β3 =
µ
µi−1

i

B(µi,mi)

(

λ
αi
2

mi−1

)µ

γ̄
−αiµi

2

A
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FγA/O
(γ) = 1−

[(

1− ηoG
1,2
2,2

(

γ
αi
2

χi

∣

∣

∣

∣

1−mi, 1
µi, 0

)(

1− ωG
1,1
1,2

(

σrdγ
1

r

∣

∣

∣

∣

1
1, 0

)

−(1− ω)

Γ (A)
G

1,1
1,2

(

ρrdγ
C

r

∣

∣

∣

∣

1
A, 0

))]

(10)

fγA/O
(γ) = 1

γ

[

(

1− 2δ
αi

G
1,2
2,2

(

γ
αi
2

χi

∣

∣

∣

∣

1−mi, 1
µi, 0

))(

η1G
1,0
0,1

(

σrdγ
1

r

∣

∣

∣

∣

−
1

)

+ η2G
1,0
0,1

(

ρrdγ
C

r

∣

∣

∣

∣

∣

−
A

)

)

+δG
1,1
1,1

(

γ
αi
2

χi

∣

∣

∣

∣

1−mi

µi

)

(

1− rη1G
1,1
1,2

(

σrdγ
1

r

∣

∣

∣

∣

1
1, 0

)

− r

C
η2G

1,1
1,2

(

ρrdγ
C

r

∣

∣

∣

∣

∣

1
A, 0

)

)

]

(13)

E〈γn〉A/O = ω(yrµrrd
)nΓ (rn+ 1) +

(1−ω)(Brµrrd
)nΓ ( rn

C
+A)

Γ (A)
+ η0χ

2n

αi

i

[

Γ (µi +
2n
αi

)Γ (mi − 2n
αi

)− ω

×H
2,2
2,3

(

χ
2

rαi
i

yµ
1
r
rrd

∣

∣

∣

∣

(1, 1)(1− µi − 2n
αi

, 2
rαi

)

(1, 1)(mi − 2n
αi

, 2
rαi

)(0, 1)

)

− (1−ω)

Γ (A)
H

2,2
2,3

(

χ
2C
rαi
i

BCµ
C
r
rrd

∣

∣

∣

∣

(1, 1)(1− µi − 2n
αi

, 2C
rαi

)

(A, 1)(mi − 2n
αi

, 2C
rαi

)(0, 1)

)

− 2
αi

η1

×H
3,1
2,3

(

χ
2

rαi
i

yµ
1
r
rrd

∣

∣

∣

∣

(1− µi − 2n
αi

, 2
rαi

)(1− 2n
αi

, 2
rαi

)

(1, 1)(mi − 2n
αi

, 2
rαi

)(− 2n
rαi

, 2
rαi

)

)

− 2

αi
η2H

3,1
2,3

(

χ
2C
rαi
i

BCµ
C
r
rrd

∣

∣

∣

∣

(1− µi − 2n
αi

, 2C
rαi

)(1− −2n
αi

, 2C
rαi

)

(A, 1)(mi − 2n
αi

, 2C
rαi

)(−2n
αi

, 2C
rαi

)

)

]

(15)

Similarly, the asymptotic expression of outage prob-

ability for Optical/Optical model can be presented as

P∞
outO/O

(γ) = γ
1
r

th

[

2− (1− ǫ1ξ1
γth

)(1+ ǫ2ξ
AC
2 )− (1− ǫ1ξ2

γth
)

×(1 + ǫ2ξ
AC
1 )− ǫ21ξ1ξ2 − ǫ22(ξ1ξ2)

AC
]

(22)

where

ǫ1 = ω
y , ǫ2 = (1−ω)

BΓ (A+1) , ξ1 = γth(
1

µrsr
)

1
r ,

ξ2 = γth(
1

µrrd
)

1
r

4.2 Average Bit Error Rate

4.2.1 Exact Analysis

The performance of the proposed dual hop underwater

monitoring models can be determined through an an-
other important metric which is average bit error rate.
In case of DF relay protocol, at relay node the signal is

Table 2 Parameters Of Binary Modulation Schemes

Modulation Schemes ς ν

Binary Phase Shift Keying 1 0.5
Differential Binary Phase Shift Keying 1 1

Binary Frequency Shift Keying 0.5 0.5

decoded and re-encoded before transmitting to the des-

tination node. In such a situation, decoding errors can

prevail at any node except sending node and after tak-

ing in account such errors, the equivalent average BER

for either of dual hop underwater monitoring model can

be calculated using

Pe1/2 = Pe1(1− Pe2) + Pe2(1− Pe1) (23)

where Pe1 and Pe2 are the respective ABERs of first hop

and second hop which depends on the type of modula-
tion used for each link. Now, we will find the ABER for

each individual link used in functional model as:
ABER for Acoustic link : For variety of binary dig-

ital modulation schemes, the expression of ABER for

underwater acoustic link can be given as [40]

PeA =
ςν

2Γ (ν)

∫∞

0
e−ςγγν−1FγA

(γ)dγ (24)

having values of (ς, ν) according to Table II. After putting
e−ςγ from [41, Eq. (01.03.26.0004.01)] in terms of Mei-

jer’s G Function as G1,0
0,1

(

ςγ

∣

∣

∣

∣

−
0

)

and (3) in (24) and

utilizing [38, Eq. 2.9.1] and [35, Eq. (2.24.2/1)], the

ABER for acoustic link is yielded as

PeA = H1,3
3,2

(

χi

ς
αi
2

∣

∣

∣

∣

(1−mi, 1)(1, 1)(1− ν, αi

2 )

(µi, 1)(0, 1)

)

×η0ς
−ν

2
√
π

(25)

In our system model, we have considered BPSK scheme

as modulation type for acoustic link with (ς, ν) = (1,
0.5).

ABER for Optical link : Under heterodyne (r = 1)

and IM/DD (r = 2) detection techniques, average BER

expression for optical link in terms of PDF of instan-

taneous SNR for different modulation schemes can be

expressed as [42]

PeOl
=

̺

2Γ (p)

n
∑

k=1

∫ ∞

0

Γ (p, qkγ)fγOl
(γ)dγ (26)
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FγO/O
(γ) = 1−

[(

1− ωG
1,1
1,2

(

σsrγ
1

r

∣

∣

∣

∣

1
1, 0

)

− (1−ω)

Γ (A)
G

1,1
1,2

(

ρsrγ
C

r

∣

∣

∣

∣

1
A, 0

))

×
(

1− ωG
1,1
1,2

(

σrdγ
1

r

∣

∣

∣

∣

1
1, 0

)

− (1− ω)

Γ (A)
G

1,1
1,2

(

ρrdγ
C

r

∣

∣

∣

∣

1
A, 0

))]

(16)

fγO/O
(γ) = 1

γ

[(

1− rη1G
1,1
1,2

(

σrdγ
1

r

∣

∣

∣

∣

1
1, 0

)

− r
C
η2G

1,1
1,2

(

ρrdγ
C

r

∣

∣

∣

∣

1
A, 0

))(

η1G
1,0
0,1

(

σsrγ
1

r

∣

∣

∣

∣

−
1

)

+η2G
1,0
0,1

(

σsrγ
C

r

∣

∣

∣

∣

−
A

))

+

(

1− rη1G
1,1
1,2

(

σsrγ
1

r

∣

∣

∣

∣

1
1, 0

)

− r
C
η2G

1,1
1,2

(

ρsrγ
C

r

∣

∣

∣

∣

1
A, 0

))

×
(

η1G
1,0
0,1

(

σrdγ
1

r

∣

∣

∣

∣

−
1

)

+ η2G
1,0
0,1

(

σrdγ
C

r

∣

∣

∣

∣

−
A

))]

(18)

E〈γn〉O/O =

(

ωyrnΓ (rn+ 1) +
(1−ω)BrnΓ ( rn

C
+A)

Γ (A)

)

[

(µrsr
)n + (µrrd

)n
]

− η1r
2(yrµrsr

)n

×

[

η1H
2,1
2,2

(

(

µrsr

µrrd

) 1

r

∣

∣

∣

∣

(−rn, 1)(1− rn, 1)
(1, 1)(−rn, 1)

)

+ η2H
2,1
2,2

(

(

y
B

)C
(

µrsr

µrrd

)C

r

∣

∣

∣

∣

(−rn,C)(1− rn, C)
(A, 1)(−rn, C)

)

]

-η2
r2

C2 (B
rµrsr

)n

[

η1Γ (A)H2,1
2,2

(

(

B
y

)

(

µrsr

µrrd

) 1

r

∣

∣

∣

∣

(1−A− rn
C

, 1
C
)(1− rn

C
, 1
C
)

(1, 1)(−rn
C

, 1
C
)

)

+η2H
2,1
2,2

(

(

µrsr

µrrd

)C

r

∣

∣

∣

∣

(1−A− rn
C

, 1)(1− rn
C

, 1)

(A, 1)(−rn
C

, 1)

)

]

− η1r
2(yrµrrd

)n

[

η1H
2,1
2,2

(

(

µrrd

µrsr

) 1

r

∣

∣

∣

∣

(−rn, 1)(1− rn, 1)
(1, 1)(−rn, 1)

)

+η2H
2,1
2,2

(

(

y
B

)C
(

µrrd

µrsr

)C

r

∣

∣

∣

∣

(−rn, C)(1− rn,C)
(A, 1)(−rn,C)

)

]

-η2
r2

C2 (B
rµrrd

)n

[

η1Γ (A)H2,1
2,2

(

(

B
y

)

(

µrrd

µrsr

) 1

r

∣

∣

∣

∣

(1−A− rn
C

, 1
C
)(1− rn

C
, 1
C
)

(1, 1)(−rn
C

, 1
C
)

)

+η2H
2,1
2,2

(

(

µrrd

µrsr

)C

r

∣

∣

∣

∣

(1−A− rn
C

, 1)(1− rn
C

, 1)

(A, 1)(−rn
C

, 1)

)

]

(19)

where Γ (., .) is the upper incomplete Gamma function

[37, Eq. (8.350.11)], n, ̺, p and qk are the parameters
mentioned according to [33, Table III]. Now, we eval-

uate the optical link under on-off keying (OOK) mod-

ulation along with IM/DD technique having parame-

ters as (n,̺,p,qk) = (1,1,0.5,0.25). After substituting

the expressions of Γ (., .) in terms of Meijer’s G func-

tion, PDF from (4) and applying [38, Eq. 2.9.1] and

[35, Eq. (2.24.2/1)], ABER expression for optical links

associated with both underwater montoring system is

given as

PeOl
= ω√

π
H1,2

2,2

(

1
y

(

2√
µ
2l

) ∣

∣

∣

∣

(1, 1)( 12 ,
1
2 )

(1, 1)(0, 1)

)

+
(1− ω)√
πΓ (A)

H1,2
2,2

(

1
BC

(

2√
µ
2l

)C
∣

∣

∣

∣

(1, 1)( 12 ,
C
2 )

(A, 1)(0, 1)

)

(27)

The overall expression of ABER for Acoustic/Optical

monitoring system is derived using (23), (25) and (27)

which is mentioned as in (28). The equivalent ABER

expressions for Optical/Optical monitoring system can

be yielded using (23) and (25) which is represented by

(29).

4.2.2 High SNR Analysis

To obtain average BER in high SNR regime, the ex-

pression follows as

P∞
e1/2

→ P∞
e1 + P∞

e2 (30)

where P∞
e1 and P∞

e2 are the respective asymptotic BER
of Pe1 and Pe2 . The expression for asymptotic BER of

acoustic link is derived by substituting (11) in (24) and

utilizing [37, Eq.(3.35.3)]it is obtained as

P∞
eA =

µ
(µi−1)
i λ

αiµi
2

2
√
πB(µi,mi)(mi − 1)µi

× (αiµi−1
2 )!

γ̄
αi
2

sr

(31)

Through same procedure, asymptotic BER of optical

link can be represented as
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PeA/O
= 1

2

[

1 +

(

ω
√

π
H

1,2
2,2

(

1
y

(

2
√

µ
2rd

)

∣

∣

∣

∣

(1, 1)(1
2
, 1
2
)

(1, 1)(0, 1)

)

+ (1−ω)
√

πΓ (A)
H

1,2
2,2

(

1
BC

(

2
√

µ
2rd

)C
∣

∣

∣

∣

(1, 1)(1
2
, C

2
)

(A, 1)(0, 1)

)

− 1

)

×
(

1− η0ς
−ν

√
π

H
1,3
3,2

(

M

ς
αi
2

∣

∣

∣

∣

(1−mi, 1)(1, 1)(1− ν, αi

2
)

(µi, 1)(0, 1)

))

]

(28)

PeO/O
= 1

2

[

1−
{

1− 2

(

ω
√

π
H

1,2
2,2

(

1
y

(

2
√

µ
2sr

)

∣

∣

∣

∣

(1, 1)(1
2
, 1
2
)

(1, 1)(0, 1)

)

+ (1−ω)
√

πΓ (A)
H

1,2
2,2

(

1
BC

(

2
√

µ
2sr

)C
∣

∣

∣

∣

(1, 1)(1
2
, C

2
)

(A, 1)(0, 1)

))}

×
{

1− 2

(

ω√
π
H

1,2
2,2

(

1
y

(

2
√

µ
2rd

)

∣

∣

∣

∣

(1, 1)(1
2
, 1
2
)

(1, 1)(0, 1)

)

+
(1− ω)√
πΓ (A)

H
1,2
2,2

(

1
BC

(

2
√

µ
2rd

)C
∣

∣

∣

∣

(1, 1)(1
2
, C

2
)

(A, 1)(0, 1)

))}]

(29)

P∞
eOl

= 1
2
√
π

[

2ω
y
√
µ2l

+ (1−ω)
Γ (A+1)

(

2
B
√
µ2l

)AC

×Γ
(

AC + 1

2

)]

(32)

Upon utilizing (30), (31) and (34), we can obtain the

closed form expressions for either of the underwater

monitoring systems.

4.3 Ergodic capacity

According to definition, the ergodic capacity can be for-
mulated as

Cerg =
∫∞

0
log2(1 + γ)fγ(γ)dγ (33)

under the heterodyne detection technique, which is ap-

proximated based on the analysis given in [43, Eq. (16)]

as

Cerg ≈ log2(e)

[

ln(1 + ψ1)−
ψ2 − ψ2

1

2(1 + ψ1)2

]

(34)

where ψ1 and ψ2 are the first order and second order

moments, respectively. For heterodyne detection tech-
nique, the expressions of generalized moments are sub-

stituted in (34) from (15) in case of Acoustic/Optical

monitoring system and for Optical/Optical monitoring

system (19) is substituted in (34), to yield the ergodic

capacity in each case, respectively. For obtaining the

expressions we use order values as n = 1 and n = 2
along with r = 1.

4.4 Outage capacity

The end-to-end outage capacity is determined as the

likelihood that the total throughput of the dual hop

link falls below a certain value of outage rate CTh. The

average throughput outage of the given system is de-

scribed by this metric. Numerically, this rate can be

obtained as in [44] as follows

R(CTh) = Pr[C < CTh] = Fγ

(

2CTh−1

τ

)

(35)

where τ = 1 for heterodyne detection and τ = e
2π for

IM/DD technique. After replacing γ in (10) and (16)
according to (35), the expression of outage capacity can

be obtained for both the systems.

5 Analytical Results And Discussions

In this section, we present the numerical outcomes for

the yielded performance metrics to analyze the effect of

numerous parameters associated with underwater acous-

tic link as well as underwater optical link. Here, all re-

sults are carried out for uniform temperature of salty

water.

In Fig. 2, the impact of non-linearity of transmission

medium αi along with SNR threshold is exhibited on

the outage performance of Acoustic/Optical underwa-

ter system in the presence of salty water with bubble

level as 2.4 BL/min under heterodyne detection. The

low value of αi = 1.85 makes the system to attain a con-

stant value of outage probability from rd link avg. SNR

value of 30 dB. Whereas, no such implications are de-

picted for αi= 3.75. Higher value of non-linearity factor

of medium makes the system favourable. The asymp-

totic behaviour expressed by (21) follows the inclination

of the outage curves in high SNR regime.

The dual hop Optical/Optical system has been anal-

ysed under weak case of turbulence with heterodyne de-

tection technique in Fig.3. The curves have been plotted

for different SNR threshold values at 40 dB sr link av-

erage SNR. Values below 40 dB, drives the system to

have negligible impact of rd link average SNR on sys-

tem’s outage performance. As depicted, at higher values

of threshold SNR threshold, the system underperforms.
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Fig. 2 Outage Probability curves of dual-hop Acous-
tic/Optical DF relaying system for different values of αi and
threshold SNR under thermally uniform salty water having
bubble level as 2.4 BL/min with heterodyne technique having
µi = 1, mi = 5.
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Fig. 3 Outage Probability vs. Average SNR for different val-
ues of threshold SNR for Optical/Optical system using DF re-
laying having thermally uniform water with weak turbulence
(2.4 BL/min and salty water) under heterodyne technique.

For both the models, the effect of variation of av-

erage SNR of first hop on the total average BER of

dual hop systems are demonstrated in Fig. 4 and 5 for

Acoustic/Optical and Optical/Optical monitoring sys-

tems, respectively. For Acoustic/Optical case in Fig.

4, the basic underwater acoustic scenario is moderate

shadowing mode having mi = 5 along with αi = 1.85,

µi = 1 and optical link is analysed for weak turbulence

case. The curves are plotted to compare the profound-

ness of varying average SNR of sr link. Similarly, in

Fig.5, curves of BER (avg sr SNR= 30 dB and 40 dB)

of Optical/Optical case are plotted to show the impact

of sr link average SNR. The change of 10 dB in acous-

10 15 20 25 30 35 40 45 50 55 60

Average SNR rd Link
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10
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10
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10
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10
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10
0

A
v
e
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g
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E
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Avg. SNR sr Link

Fig. 4 Average BER of dual hop Acoustic/Optical DF re-
laying system comparing the performance under moderate
shadowing (mi = 5) for different values of sr link avg. SNR
having thermally uniform salty water with bubble level as 2.4
BL/min is yielded under IM/DD technique.
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Fig. 5 Effect of variation of Average SNR of sr link on Aver-
age BER of Optical/Optical DF relaying system under ther-
mally uniform salty water having bubble level as 2.4 BL/min
and IM/DD detection technique.

tic link average SNR has reduced affect on the system’s
error rate rather than the equivalent difference in av-
erage SNR of optical sr link creates distinguished im-

pact as shown in Fig.5. On decreasing the average SNR
of source to relay link, average BER of whole system
depreciates considerably. The insight of asymptotic be-

haviour are also represented through plots in each case.

In Fig. 6, we plot the ergodic capacity (in bits per

second per hertz) of dual hop Acoustic/Optical for three

categories of underwater optical turbulence from weak

to severe under heterodyne detection technique (r = 1).

For the given conditions of acoustic link having moder-

ate shadowing and poor multipath (αi = 1.85, µi = 1,
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Fig. 6 Ergodic Capacity versus Average SNR showing the
impact of underwater weak to severe optical turbulence con-
ditions on a dual-hop Acoustic/Optical system for DF relay-
ing under heterodyne technique.

mi = 5), the ergodic capacity increases as the strength

of turbulence decreases.

Fig. 7 illustrates another crucial measure which is

used to assess the system performance, that is outage

capacity. In the figure, variations of outage capacity

are demonstrated in respect of outage threshold for

Optical/Optical underwater communication system. It

can be clearly accounted that as we lower the thresh-

old value, the throughput coverage becomes better. At
some point, it can be seen that throughput coverage
for heterodyne detection technique with CTh = 4 dB

is comparable to IM/DD technique with CTh = 2 dB

which proves its superiority.

6 Conclusion

In this paper, a hybrid dual hop UAOSN underwater
monitoring system has been investigated using DF re-

lay mechanism. The closed form expressions of equiva-
lent PDF, CDF and moments have been derived. The
system performance metrics include outage probability

along with its high SNR behaviour, average BER, er-

godic capacity and outage capacity. The system analy-

sis is conducted for various acoustic parameteric condi-

tions as well as optical turbulence to exhibit their effect

on the performance of the system. The proposed system

is designed to provide better coverage under sea with

higher communication speed which serves as the bet-

ter alternative to the traditional underwater acoustic

communication systems.
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Fig. 7 Effects of capacity threshold on the end-to-end outage
rate of Optical/Optical model for both Heterodyne detection
and IM/DD technique under weak turbulence.
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