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Abstract: In this paper, we analyze the performance of a dual-hop radio frequency-
underwater wireless optical communication (RF-UWOC) transmission systems wherein
the RF and UWOC links experience Nakagami-m fading and the mixture Exponential-
Generalized Gamma fading, respectively. The location of S is uniformly distributed in the
space of the hemisphere where the relay is located in the center of the hemisphere. The
effect of bubbles level, temperature gradient, water types, and detection techniques are
considered. We derive closed-form expressions for outage probability (OP) and average
bit error rate (ABER) for both fixed and variable gain relaying schemes with different de-
tection techniques. Furthermore, by utilizing the expansion of Meijer’s G-function and Fox’s
H-function, the closed-form expressions for the asymptotic OP and ABER are derived when
the average signal-to-noise ratio of both links tends to infinity. The analytical results are
verified by Monte Carlo simulation results. Our results demonstrate that the diversity order
of the dual-hop RF-UWOC systems depends on the RF fading parameter and detection
technology of the UWOC link.

Index Terms: Dual-hop radio frequency-underwater wireless optical communication sys-
tems, Nakagami-m fading, mixture Exponential-Generalized Gamma fading, outage proba-
bility, average bit error rate.

1. Introduction

In recent years, underwater wireless communication (UWC) systems have gained great interest
recently as it realizes many potential applications for both civil and military purposes, such as,
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ecological monitoring, climate recording, and military surveillance. Three types of carriers were
utilized in UWC systems to transmit signals, which are radio-frequency (RF) waves, acoustic waves,
and optical waves. The extremely severe attenuation at high frequencies limits the propagation
range, which make RF-based UWC systems unrealistic [1]. Although the acoustic-based UWC
system solves the propagation range of RF-based UWC systems, lower propagation celerity in
salt water causes serious delays and latency [2]. Compared with the acoustic and RF approach,
underwater wireless optical communication (UWOC) technology can obtain highest data rate and
energy efficiency, the lowest link delay and implementation costs. Additionally, low latency and low
energy consumption make UWOC widely accepted as an appropriate communication solution in
the underwater medium [1], [2].

In order to provide reference and guidance for the application, the performance of the UWOC
systems was investigated in many works, such as [3]–[5]. The effect of temperature change on
turbulence-induced fading of UWOC channels was investigated in [3] and their results have shown
that the weak temperature-induced turbulence can be modeled by Generalized Gamma distribution.
Zedini et al. proposed that the mixture Exponential-Gamma model can efficiently characterize the
fluctuations of UWOC channels from weak to strong turbulence conditions for fresh and salty waters
in [4]. In their journal version [5], the influence of air bubbles, temperature, and salinity gradient
was investigated, the mixture Exponential-Generalized Gamma (EGG) distribution model was
proposed to describe air bubbles and temperature-induced irradiance fluctuations for both weak
and strong turbulence conditions in fresh and salty waters. Then, a unified performance analysis of
UWOC systems was given while both intensity modulation/direct detection (IM/DD) and heterodyne
detection techniques (HD) were considered. The closed-form expressions for the outage probability
(OP), average bit error rate (ABER), and ergodic capacity were derived. Recently, the dual-hop
RF-UWOC systems have received widespread attention since RF and UWOC technologies have
been deployed together to achieve both advantages simultaneously [1]. The analytical expression
for ABER of the dual-hop RF-UWOC system was derived for various binary modulation techniques
in [6]. The secrecy performance of the dual-hop RF-UWOC systems was investigated in [7] and the
closed-form expression for the intercept probability for the fixed-gain relaying (FGR) scheme was
derived. In their journal version [8], the authors derived the closed-form expressions for the average
secrecy capacity and intercept probability under FGR or variable gain relaying (VGR) schemes.

To explore how air bubbles, temperature, and salinity gradient factors affect the performance, a
dual-hop RF-UWOC system is considered, where a source (S) with random location communicates
with an underwater destination with the help of an amplify-and-forward (AF) relay. The main
contributions of this work are listed as follows:

� The performance of the dual-hop RF-UWOC systems is investigated wherein the RF and
UWOC links are modeled by Nakagami-m and EGG distributions, respectively. The closed-
form expressions for OP and ABER under both the VGR and FGR schemes are derived for
different detection techniques.

� To obtain more insights, we also investigate the asymptotic performance of the RF-UWOC
systems when average signal-to-noise ratio (SNR) approaches infinity. The closed-form ex-
pressions for asymptotic OP and ABER are derived by utilizing the expansion of Meijer’s
G-function and Fox’s H-function. The asymptotic results demonstrate that the diversity order
of the dual-hop systems depends on the RF fading parameter and detection technology of the
UWOC link.

� The accuracy of the analytical results is validated by Monte-Carlo simulations. The results
show that when the bubbles level and the temperature gradient gets lower, the whole system
works better. Relative to VGR scheme, FGR scheme demonstrates better performance. The
performance of HD technique outperforms that of IM/DD.

� Relative to [8], wherein the secrecy performance was investigated and the expressions for
average secrecy capacity and intercept probability were derived, respectively, we assume a
different system model where S is uniformly distributed in the space of the hemisphere (V ),
and R is located in the center of the hemisphere. Furthermore, the asymptotic analysis of OP
and ABER is performed and the diversity orders are derived in this work.
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Fig. 1. System model of a dual-hop RF-UWOC systems that consists of a source (S), a relay (R), and a
desired destination (D).

The remainder of this work is organized as follows. In Section 2, the dual-hop RF-UWOC system
model and the statistical characteristics of each link are presented. The expressions of OP, ABER
and its asymptotic results are derived in Section 3. Monte-Carlo simulation and numerical results
are presented in Section 4. Finally, we conclude the work in Section 5.

2. Channel and System Model

As shown in Fig. 1, a dual-hop RF-UWOC system is considered. The information (such as
commands or weather messages) is transmitted by source node (S) to the destination (D) through
an AF relay (R). It is assumed that S is suspended in the air, but its location is uncertain for the
given time. It is assumed that the RF link between the transmitter and the relay, and the UWOC
link between the relay and the destination are relatively static, the doppler effect is ignored in
this work. The results in this work also fit for those scenarios wherein the transmitter moves on
the lower velocity and the Doppler effect due to the source mobility is assumed to be perfectly
compensated. Then, we assumed that S with a single RF antenna is uniformly distributed in the
space of the hemisphere (V ), where R is located in the center of the hemisphere. The AF relay, R,
has a RF antenna from one side and a single photo-aperture transmitter from the other side, while
D is equipped with a single photo detector. The RF and UWOC links are assumed to experience
quasi-static Nakagami-m and EGG distribution fading models, respectively.

2.1 The SNR of RF Link

The instantaneous SNR at R is expressed as

γSR = ρ0d−α
SR

GSR, (1)

where ρ0 = PS/σ
2, PS denotes the transmit power, σ 2 signifies the noise power at R, dSR denotes the

distance between S and R, α is the path loss exponent, and GSR = |gSR|2 is the channel power gain.
It is assumed that the RF link experiences Nakagami-m fading model, whose probability density
function (PDF) is given by [9]

fGSR
(x ) =

�m

Ŵ(m)
xm−1e−�x , (2)

where � = m/γ̄1. The parameter m signifies the level of fading. Nakagami-m includes Rayleigh (m =

1) and the one-sided Gaussian distribution (m = 0.5) as special cases. When m → ∞, Nakagami-m
fading channel converges to a non-fading AWGN channel. γ̄1 signifies average channel power gain
of the RF link, and Ŵ(·) is Gamma function [10, (8.310.1)].
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The CDF of dSR is expressed as [11]

FdSR
(d ) =

{

d3

H3 , 0 ≤ d ≤ H,

1, d > H,
(3)

where H is the radius of hemisphere. Then, the cumulative distribution function (CDF) of
dα

SR

ρ0
is

obtained as

Fdα
SR
ρ0

(y ) = Pr

{

dα
SR

ρ0

≤ y

}

=

{

(ρ0y )̟

H3 , 0 < y ≤ Hα

ρ0
,

1, y ≥ Hα

ρ0
,

(4)

where ̟ = 3/α. Then we obtain

f dα
SR
ρ0

(y ) =
3ρ̟

0

αH3
y̟−1, 0 < y <

Hα

ρ0

. (5)

Based on (1), (2), utilizing [10, (3.351.1),(9.31.5)] and [12, (8.4.16.1)], the PDF of γSR is
obtained as

fγSR
(γ ) =

∫ ∞

0

t fGSR
(γ t ) f dα

SR
ρ0

(t )dt

=
3ρ̟

0 �−̟

αH3Ŵ(m)
γ −̟−1ϒ (̟ + m, ηγ ) ,

(6)

where η = �Hα/ρ0 and ϒ(·, ·) is low incomplete Gamma function [10, (8.350.1)]. Utilizing [12,
(8.4.16.1)] and [13, (26)], we obtain

FγSR
(γ ) =

∫ γ

0

fγSR
(t )dt

=
3ρ̟

0 �−̟

αH3Ŵ(m)

∫ γ

0

t−̟−1G1,1
1,2

[

ηt
∣

∣

1
̟+m,0

]

dt

= ϕG1,2
2,3

[

ηγ

∣

∣

∣

1,1−̟

m,−̟,0

]

,

(7)

where ϕ = 3/[αŴ(m)] and Gm,n
p,q [·] is the Meijer’s G-function as defined by [10, (9.301)]. When γ̄1 →

∞, � → 0, by using ϒ(a, x )
x→0+

∼ (xa/a), we obtain the asymptotic PDF and CDF as

f∞γSR
(γ ) = �1γ

m−1, (8)

F ∞
γSR

(γ ) =
�1

m
γ m, (9)

respectively, where �1 = 3�mHα̟+αm−3

αρm
0
Ŵ(m)(̟+m)

. It should be noted that m can be any real number in this

work.

2.2 The SNR of UWOC Link

The instantaneous SNR at R is expressed as [5]

γRD = μr I
r , (10)

where r is the parameter specifying the type of detection technique (i.e. r = 1 for HD and r = 2
for IM/DD), μ1 = γ̄2, μ2 =

γ̄2

2ωλ2+b2(1−ω)Ŵ(a+2/c)/Ŵ(a)
, γ̄2 signifies the average SNR of the UWOC link,

ω is the mixture weight of the distributions, 0 < ω < 1, λ is the parameter associated with the
Exponential distribution, a, b, and c are the parameters of the Generalized Gamma distribution.
The value for ω, λ, a, b, and c are provided in [5, Tabels I and II].
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The CDF and PDF of the UWOC link is given as [5]

FγRD
(γ ) =

2
∑

i=1

AiG
1,1
1,2

[

Biγ
Ci
∣

∣

1
Di ,0

]

, (11)

fγRD
(γ ) =

2
∑

i=1

Eiγ
−1G1,0

0,1

[

Biγ
Ci

∣

∣

∣

−
Di

]

, (12)

where A1 = ω, B1 = 1/[λμr
(1/r )], C1 = 1/r , D1 = 1, E1 = ω/r , A2 = [1 − ω]/Ŵ(a), B2 = 1/[bcμr

(c/r )],
C2 = c/r , D2 = a, and E2 = [c(1 − ω)]/[rŴ(a)]. The asymptotic SOP when γ̄2 → ∞ is expressed
as [5]

F ∞
γRD

(γ ) =

2
∑

i=1

Fiγ
Ci Di , (13)

where F1 = [ωμr
(C1D1 )]/λ and F2 = [(1 − ω)(brμr )

(C2D2 )]/Ŵ(a + 1).

3. Performance Analysis

3.1 Outage Probability Analysis With Variable-Gain Relay

In this case, the received SNR at D is approximately achieved by [14]

γ V
eq

∼= min (γSR, γRD ) , (14)

Based on (7), (11), and (14), we obtain Pout in this case as

PV
out = Pr

{

γ V
eq < γt h

}

= FγSR
(γt h) + FγRD

(γt h) − FγSR
(γt h) FγRD

(γt h) .

(15)

It is assumed that γ̄1 = γ̄2 = γ̄ → ∞, PV,∞
out is rewritten as

PV,∞
out = �1γ̄

−mγ m
th +

2
∑

i=1

Ki γ̄
−Ci Di γ

Ci Di

t h
, (16)

where �1 = 3mm−1Hα̟+αm−3

αρm
0
Ŵ(m)(̟+m)

, K1 = ωB1, and K2 = (1 − ω)(B2)a/Ŵ(a + 1). Then, the diversity order in this

case is obtained as

GV
d = − lim

γ̄→∞

ln P∞
out

ln γ̄
= min (m,CiDi ) . (17)

Based on Table 2, it is observed that ac > 1. Then the diversity order is expressed as

GOP,V
d

= min

(

m,
1

r

)

. (18)

Remark 1:

From (18), one can observe that the diversity order of the dual-hop system with VGR depends on
the detection techniques of UWOC link and the fading parameter of RF link.

3.2 Outage Probability Analysis With Fixed-Gain Relay

The received SNR at D with this scheme is given as [14]

γ F
eq =

γSRγRD

γRD + �
, (19)
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where � stands for the fixed relay gain [14]. The PF
out is obtained as

PF
out = FγSR

(γt h) +
(

1 − FγSR
(γt h)

)

μ

2
∑

i=1

Aiφi, (20)

where

μ =
3�Hα(̟+1)−3

ρ0Ŵ(m)α
, φi = γt hH

0,1;1,2;1,1
1,0;3,1;2,2

[

(2,−Ci ,1)
−

∣

∣

∣

(1−Di ,1),(0,Ci ),(1,1)
(0,1)

∣

∣

∣

(2−m,1),(2+̟,1)
(1+̟,1),(1,1)

∣

∣

∣
ϑi,

1

ηγt h

]

,

ϑi = (Bi�
Ci )−1, and Hm1,n1:m2,n2:m3,n3

p1,q1:p2,q2:p3,q3
[·] is the Extended Generalized Bivariate Fox’s H-function (EG-

BFHF), as defined by [15, (1.2)].

Proof:

See Appendix A. �

Remark 2:

Eq. (20) is easy to understand, in which the first item denotes the OP of the first link and the second
item signifies the joint OP of the dual-hop systems when the first link does not occur outage.

When γ̄1 = γ̄2 = γ̄ → ∞, PF,∞
out is obtained as

PF,∞
out = F ∞

γSR
(γt h) +

(

1 − F ∞
γSR

(γt h)
)

μ

2
∑

i=1

Aiφ
∞
i , (21)

where φ∞
i is given by (47) and (48). The diversity order of the dual-hop RF-UWOC systems with

FGR scheme is obtained as

GOP,F
d

= min

(

m,
2

r

)

. (22)

Proof:

See Appendix B. �

Remark 3:

From (22), one can observe that the diversity order of the OP for the dual-hop system with VGR
depends on the detection techniques of UWOC link and the fading parameter of RF link.

3.3 Average Bit Error Rate With Variable-Gain Relay

A unified expression for the ABER for a variety of modulation schemes can be given as [5]

P̄e =
δ

2Ŵ(p)

n
∑

k=1

∫ ∞

0

Ŵ (p, qkγ )fγ (γ ) dγ , (23)

where n, δ, p, and qk depend on the adopted modulation technique and the type of detection (i.e
IM/DD or HD), as summarized in Table 1.1 The end-to-end ABER can be given as

P̄V
e = P̄SR

e + P̄RD
e − 2P̄SR

e P̄RD
e , (24)

1As we knew, OOK is on-off keying where the symbol is mapped into zero amplitude (or intensity in IM/DD) or positive
amplitude. So it can be viewed as a biased BPSK. For example, we assume modulate in a BPSK scheme i.e., mapping into
+1 or −1. After shifting this constellation by +1, it will be OOK, which means that OOK has a power penalty due to this
bias. Therefore, it doesn’t need to use OOK in HD, while suffering from this power penalty. Contrarily, BPSK, M-PSK, and
M-QAM schemes are not taken into consideration in HD.
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TABLE 1

Parameters for Different Modulations [5]

where P̄SR
e and P̄RD

e are the ABER for the RF and UWOC links, respectively.
Substituting (6) into (23), utilizing [12, (8.4.16.1)] and [13, (21)], we obtain

P̄SR
e =

δ

2Ŵ(p)

n
∑

k=1

∫ ∞

0

Ŵ (p, qkγ ) fγSR
(γ ) dγ

=
δμ

2Ŵ(p)

n
∑

k=1

∫ ∞

0

G2,0
1,2

[

qkγ

∣

∣

∣

1
0,p

]

G1,1
1,2

[

ηγ

∣

∣

∣

−̟
m−1,−̟−1

]

dγ

=
δμ

2Ŵ(p)

n
∑

k=1

q−1
k G1,3

3,3

[

η

qk

∣

∣

∣

−̟,0,−p
m−1,−1,−̟−1

]

.

(25)

Substituting (12) into (23), utilizing [12, (8.4.16.1)], [16, (2.9.1)], and [16, (2.8.11)], we obtain

P̄RD
e =

δ

2Ŵ(p)

n
∑

k=1

∫ ∞

0

Ŵ (p, qkγ )fγRD
(γ ) dγ

=
δ

2Ŵ(p)

n
∑

k=1

2
∑

i=1

Ei

∫ ∞

0

γ −1H2,0
1,2

[

qkγ

∣

∣

∣

(1,1)
(0,1),(p,1)

]

H1,0
0,1

[

Biγ
Ci

∣

∣

∣

−
(Di ,1)

]

dγ

=
δ

2Ŵ(p)

n
∑

k=1

2
∑

i=1

EiH
1,2
2,2

[

Bi

∣

∣

∣

(1,Ci ),(1−p,Ci )

(Di ,1),(0,Ci )

]

.

(26)

Based on (9) and (13), the asymptotic ABER of RF link and UWOC link is obtained as

P̄SR,∞
e =

�1δ

2Ŵ(p)

n
∑

k=1

∫ ∞

0

γ m−1Ŵ (p, qkγ ) dγ

=
�1δŴ (p + m)

2Ŵ(p)qm
k

γ̄ −m, (27)

P̄RD,∞
e =

δ

2Ŵ(p)

n
∑

k=1

2
∑

i=1

Ji γ̄
−Ci Di , (28)

respectively, where J1 = ωB1Ŵ(p + 1
r
)q

−(1/r )
k

and J2 =
(1−ω)
Ŵ(a+1)

Ba
2Ŵ(p + ac

r
)q

−([ac]/c)
k

. Then, the diversity

order of ABER for VGR is obtained as

GABER,V
d

= min

(

m,
1

r

)

= GOP,V
d

. (29)

Remark 4:

One can observe that the diversity order of ABER for VGR is dependent on the detection technology
and is independent of modulation schemes and equal to the diversity order of OP for VGR.
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3.4 Average Bit Error Rate With Fixed-Gain Relay

The ABER in this case is rewritten as

P̄F
e =

δq
p
k

2Ŵ(p)

n
∑

k=1

∫ ∞

0

γ p−1e−qkγ Fγ F
eq

(γ ) dγ . (30)

Then, substituting (20) into (30), the ABER with FGR is obtained as

P̄F
e = P̄SR

e +
μδq

p
k

2Ŵ(p)

n
∑

k=1

2
∑

i=1

Aiϕi −
μδq

p
k

2Ŵ(p)

n
∑

k=1

2
∑

i=1

Aiψi , (31)

where

ϕi = qk
−p−1H0,1;1,2;2,1

1,0;3,1;2,3

[

(2,−Ci ,1)
−

∣

∣

∣

(1−Di ,1),(0,Ci ),(0,1)

(0,1)

∣

∣

∣

(2−m,1),(2+̟,1)

(1+̟,1),(p+1,1),(1,1)

∣

∣

∣

∣

ϑi ,
qk

η

]

, (32)

and

ψi =
ϕm!η1+p

q
2p+2
k

H0,1;1,2;1,3
1,0;3,1;4,4

[

(2,−Ci ,1)
−

∣

∣

∣

∣

∣

(1−Di ,1),(0,Ci ),(1,1)

(0,1)

∣

∣

∣

∣

∣

(2+p,1),(2+p−̟,1),(2−m,1),(2+̟,1)

(1+̟,1),(1−̟+p,1),(1+p,1),(1,1)

∣

∣

∣

∣

∣

ϑi ,
q2

k

η2

]

. (33)

Proof:

See Appendix C. �

When γ̄1 = γ̄2 = γ̄ → ∞, with the same method presented in Appendix B, the asymptotic ABER
with FGR is obtained as

PF,∞
e ≈ P̄SR,∞

e +
μδq

p
k

4π4Ŵ(p)

n
∑

k=1

2
∑

i=1

Aiϕ
∞
i , (34)

where P̄SR,∞
e is given in (27),

ϕ∞
i =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

Ŵ (p + 1) (̟ + 1) (ln (�) − ln (Ŵ (p + 1))) + ̟ + 2

η(qk )p
�(̟ + 1)2

, m = 1, i = 1, r = 1

Ŵ(0.5)Ŵ (p + 0.5)

η(qk )p
� (̟ + 0.5)

, m = 1, i = 1, r = 2

Ŵ (a − τ ) Ŵ (p + 1)

η(qk )p (1 + ̟ ) �τ
, m = 1, i = 2

qkŴ (p + r̃ )

η�

ln

(

Ŵ (p + r̃ )

�

)

(̟ + r̃ ) + (̟ + 2r̃ )

(̟ + r̃ )2
m = 0.5, i = 1, r = 2

Ŵ (m − r̃ ) Ŵ (p + r̃ )

(qk )p
η (̟ + r̃ ) �

, m �= 1, m �= 0.5, i = 1

Ŵ (p + m) Ŵ (a − τ ) �(B2)τ

(qk )p+m (̟ + m) η1−m
, m �= 1, i = 2

, (35)

�i = 1
Bi

( qk

η�
)Ci , r̃ = 1

r
, and τ = r

c
. Similarly, Gϕ

i,d
, which denotes the diversity order of

∑2
i=1 Aiϕ

∞
i , is

obtained as

Gϕ

i,d
=

2

r
− 1. (36)

Thus, the diversity order of ABER for FGR is obtained as

GABER,F
d

= min

(

m,
2

r

)

= GOP,F
d

. (37)
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TABLE 2

Parameters of the EGG Distribution [5]

Fig. 2. OP for VGR versus γ̄ with � = 2.4 and ℓ = 0.05.

Remark 5:

One can observe that the diversity order of ABER for FGR is independent of modulation schemes
and equal to that of OP for FGR.

4. Numerical Results

Simulation results are provided in this section to confirm the accuracy of the analyzed results. The
main parameters are set as α = 2, γt h = 1.3, and � = 1.1. ‘Sim’ in the following figures denote
simulation results. The parameters of UWOC link are given in Table 2, shown at the top of this
page, where �(L/ min) and ℓ(◦C · cm−1) signify the level of the air bubbles and temperature gradient,
respectively. One can observe that the simulation results perfect match with the analytical results,
confirming the accuracy of our results.

The OP of the considered dual-hop RF-UWOC system with VGR or FGR under the same tur-
bulence conditions is presented in Figs. 2–4 as a function of the varying environmental conditions,
fading parameters of RF link, and detection technique adopted over UWOC link. For the VGR
scheme, the bottleneck of the dual-hop systems is the UWOC link. More specifically, the OP
with r = 1 outperforms that with r = 2, which means HD technique can obtain better performance
compared with IM/DD technology, as presented in Fig. 2. The fading of RF link almost shows no
effect in the case wherein the IM/DD technology is utilized over UWOC link. For such scenarios
with HD technology, weak RF fading also does not influence the OP of the dual-hop systems in
a larger-γ region. Moreover, the diversity order for the OP under VGR depends on the adopted
detection technique and the RF fading.

As depicted in Fig. 3, one can observe that the performance of the considered dual-hop system
under the FGR scheme is limited by the first hop, the RF link. In detail, for those scenarios with
strong fading (m ≤ 1), the equal OP is obtained for different r , in which the effect of the adopted
detection technologies on OP is weak. The detection technique is the main parameter for those
scenarios when m > 1. The diversity order under FGR is also verified as presented in Fig. 3. When
the fading of the RF link and the adopted detection technique over the UWOC link are the same,
the outage performance of the considered dual-hop system under FGR is superior to that under
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Fig. 3. OP for FGR versus γ̄ with � = 2.4 and ℓ = 0.05.

Fig. 4. OP versus γ̄ with varying environmental parameters, m = 2, and r = 2.

Fig. 5. ABER for VGR versus γ̄ with � = 2.4 and ℓ = 0.05.

VGR, which is testified as presented in Fig. 4. Moreover, the effect of the level of the air bubbles is
more severe than that of the temperature gradient. One can observe that the outage performance
of the considered dual-hop system becomes worse when the level of the air bubbles and/or the
temperature gradient is higher.

Figs. 5–7 demonstrate the ABER of the considered dual-hop RF-UWOC system with VGR or
FGR under different modulations. We can observe from Figs. 5 and 6 that BPSK modulation
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Fig. 6. ABER for FGR versus γ̄ with � = 2.4 and ℓ = 0.05.

Fig. 7. ABER versus γ̄ with varying environmental parameters and m = 2.

outperforms 16QAM, which is better than that of 16PSK. The ABER with m > 1 outperforms that
with m ≤ 1 while a larger m implies that the fading of the RF link is weak. Furthermore, one can
observe that the diversity order of ABER is independent of the employed modulation schemes.
From Fig. 7, it is observed that the ABER with FGR is superior to that with the VGR scheme.
The level of the air bubbles and temperature gradient exhibits no influence on the diversity order
of ABER. Moreover, one can observe that the ABER of the dual-hop system becomes worse
when the level of the air bubbles and/or the temperature gradient is higher, which is similar as the
observations from Fig. 4. This is because higher value of the scintillation index leads to stronger
turbulence.

5. Conclusion

In this work, we analyzed the performance of dual-hop RF-UWOC systems. The closed-form
expressions of the analytical and asymptotic OP and ABER for both the VGR and FGR un-
der different detection techniques were derived and validated through Monte-Carlo simulations
results. Our results demonstrate that the performance with lower bubbles level and tempera-
ture gradient outperforms that with higher bubbles level and temperature gradient. Relative to
VGR scheme, FGR achieve better performance. The performance of HD technique outperforms
of with IM/DD. The asymptotic results illustrated that the diversity order of the dual-hop sys-
tems depends on the RF fading parameter and the detection technology adopted over UWOC
link.
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Appendix A

Based on (19), the OP for FGR is obtained as

PF
out = Pr

{

γSRγRD

γRD + �
< γt h

}

= Pr {(γSR − γt h) γRD < �γt h}

= Pr {γSR < γt h} + Pr

{

γRD <
�γt h

γSR − γt h

, γSR > γt h

}

= Pr {γSR < γt h} + Pr

{

γRD <
�γt h

γSR − γt h

|γSR > γt h

}

Pr {γSR > γt h}

= FγSR
(γt h) +

(∫ +∞

γt h

FγRD

(

�γt h

t − γt h

)

fγSR
(t )dt

)

(

1 − FγSR
(γt h)

)

= FγSR
(γt h) +

(

1 − FγSR
(γt h)

)

μ

2
∑

i=1

Aiφi,

(38)

where μ = 3�Hα(̟+1)−3

ρ0Ŵ(m)α
and φi =

∫ ∞

γt h
G1,1

1,2
[Bi (

�γt h

t−γt h
)
Ci
|1Di ,0

]G1,1
1,2

[ηt |−̟
m−1,−̟−1

]dt .

Let x = t − γt h, making use of [10, (9.301),(3.194.3),(8.384.1)] in turn, we obtain

φi =

∫ ∞

0

G1,1
1,2

[

Bi

(

�γt h

x

)Ci
∣

∣

1
Di ,0

]

G1,1
1,2

[

η (x + γt h)
∣

∣

∣

−̟
m−1,−̟−1

]

dx

=
1

(2π i )2

∫

L1

∫

L2

Ŵ (−s) Ŵ (Di + s)

Ŵ (1 − s) Bs
i

Ŵ (1 + ̟ − t ) Ŵ (m − 1 + t )

Ŵ (2 + ̟ − t ) ηt

×

∫ ∞

0

(

x

�γt h

)sCi 1

(x + γt h)t
dxdt ds

=
γt h

(2π i )2

∫

L1

∫

L2

Ŵ (t − sCi − 1)
Ŵ (1 + ̟ − t ) Ŵ (m − 1 + t )

Ŵ (2 + ̟ − t ) Ŵ(t )

×
Ŵ (−s) Ŵ (Di + s) Ŵ (sCi + 1)

Ŵ (1 − s)

1

(ηγt h)t
ϑ s

i dt ds,

(39)

where L1 and L2 are the s-plane and the t -plane contours, respectively. Then, by utilizing [17, (1.1)],
we obtained the closed-form expression for φi .

Appendix B

According to [18], [19], expansions of the univariate and bivariate Meijer’s G-function or Fox’s H-
functions can be derived by evaluating the residue of the corresponding integrands at the closest
poles to the contour. More specifically, the Fox’s H-function is defined as

Hm,n
p,q

(

x

∣

∣

∣

∣

(a1,α1 ),...,(ap,αp)
(b1,β1 ),...,(bq ,βq )

)

=
1

2π i

∫

C

x−sh(s)ds, (40)

where h(s) =

∏m
j=1 Ŵ(b j +β j s)

∏n
i=1 Ŵ(1−ai−αi s)

∏p
i=n+1

Ŵ(ai+αi s)
∏q

j=m+1
Ŵ(1−b j −β j s)

. The asymptotic result can be approximated by

lim
x→y

Hm,n
p,q

(

x

∣

∣

∣

∣

(a1,α1 ),...,(ap,αp)
(b1,β1 ),...,(bq ,βq )

)

= lim
s→ξ

1

(u − 1)!

d u−1

dsu−1

[

(s − ξ )u h(s)x−s
]

= lim
s→ξ

1

(u − 1)!

d u−1

dsk−1

[

Ŵu (s − ξ + 1)

Ŵu (s − ξ )
h(s)x−s

]

,

(41)
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where

ξ =

{

max j=1:m

(

−
b j

β j

)

, y = ∞

mini=1:n( 1−ai

αi
), y = 0

denotes the maximum (minimum) pole on the left (right) with arbitrary order u.
We rewrite (39) as

φ1 =
γt h

2π i

∫

L1

Ŵ (−s) Ŵ (Di + s) Ŵ (sCi + 1)

Ŵ (1 − s)
(

Bi�
Ci

)s

(

1

2π i

∫

L2

g1(t )dt

)

ds, (42)

where

g1(t ) =

⎧

⎨

⎩

Ŵ(t−sCi−1)Ŵ(1+̟−t )

Ŵ(2+̟−t )(ηγt h )t
, m = 1

Ŵ(t−sCi−1)Ŵ(m−1+t )Ŵ(1+̟−t )

Ŵ(2+̟−t )Ŵ(t )(ηγt h )t
, m �= 1

. (43)

When m = 1, the integral over L2 can be approximated by

1

2π i

∫

L2

g1(t )dt ≈ lim
t→sCi+1

(t − sCi − 1) g1(t )

=
Ŵ (̟ − sCi )

Ŵ (1 + ̟ − sCi ) (ηγt h)sCi+1
.

(44)

Substituting (44) into (42), we have

φ1 =
1

2ηπ i

∫

L1

Ŵ (−s) Ŵ (Di + s) Ŵ (sCi + 1) Ŵ (̟ − sCi )

Ŵ (1 − s) Ŵ (1 + ̟ − sCi )
�s

i ds, (45)

where �i = (Bi (η�γt h)Ci )−1. For the integral over L1 with m = 1, there are two poles on the left side,
which are s = −Di and s = − 1

Ci
, respectively. The maximum pole is given as

max

{

−Di ,−
1

Ci

}

=

⎧

⎨

⎩

−Di = − 1
Ci

, i = 1, r = 1

−Di , i = 1, r = 2

− 1
Ci

, i = 2

. (46)

Utilizing (41), and by recalling that d (Ŵ(s))
ds

= Ŵ(s)� (0)(s), � (0)(s) = ln(Ŵ(s)), d (as )
ds

= as ln(a), after
some algebraic manipulations, φi with m = 1 is approximated by

φ∞
1 =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

(ln(�1 ))(̟+1)+̟+2

η�1(̟+1)2 , i = 1, r = 1

Ŵ(0.5)
η(̟+0.5)�1

, i = 1, r = 2

Ŵ(a− r
c )

η(̟+1)
�2

− r
c , i = 2

. (47)

When m �= 1, there are two poles for the integral over L2, t = sCi + 1 and t = 1 − m, which are the
selected poles for i = 1 and i = 2, respectively. With the same method as (44)–(45), we obtain

φ∞
1 =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

ln(�1 )(̟+0.5)−(̟+1)

η�1(̟+0.5)2 , i = 1, mr = 1

Ŵ
(

m − 1
r

) (

η�1

(

̟ + 1
r

))−1
, i = 1, mr �= 1

Ŵ(a− r
c )ϑ2

r
c

η(̟+m)(ηγt h )−m , i = 2

. (48)

Because of � ∼ γ̄ −1, μ ∼ γ̄ −1,�1 ∼ γ̄ −m, B1 ∼ γ̄ − 1
r , B2 ∼ γ̄ − c

r , η ∼ γ̄ −1, the diversity order in this
case is obtained as

GOP,F
d

= − lim
γ̄→∞

ln PF,∞
out

ln γ̄
= min

(

m, 1 + min
{

G
φ

i,d

})

, (49)
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where G
φ

i,d
signifies the diversity of

∑2
i=1 Aiφ

∞
i . Based on (47) and (48), we obtain

G
φ

i,d
=

⎧

⎨

⎩

0.5, m = 0.5
0, m = 1

min
{

2
r
− 1, m

}

others

. (50)

Thus, we have (22).

Appendix C

Based on (39), utilizing [10, (3.194.3), (8.384.1), (3.326.2)], we obtain

ϕi =
1

(2π i )2

∫

L1

∫

L2

Ŵ (−s) Ŵ (Di + s)

Ŵ (1 − s) Bs
i

∫ ∞

0

γ p−1e−qkγ

∫ ∞

0

(x + γ )−t

(

x

�γ

)sCi

dxdγ

×
Ŵ (1 + ̟ − t ) Ŵ (m − 1 + t )

Ŵ (2 + ̟ − t ) ηt
dt ds

=
(qk )−p−1

(2π i )2

∫

L1

∫

L2

Ŵ (t − sCi − 1)
Ŵ (−s) Ŵ (sCi + 1) Ŵ (Di + s)

Ŵ (1 − s)
(

�Ci Bi

)s

×
Ŵ (1 + ̟ − t ) Ŵ (m − 1 + t ) Ŵ (p + 1 − t )

Ŵ (2 + ̟ − t ) Ŵ(t )

(

qk

η

)t

dt ds. (51)

Then, by utilizing [17, (1.1)], we obtain the closed-form expression for φ2 as (32). With the same
method, (33) is obtained.
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