
IEEE PHOTONICS JOURNAL, VOL. 14, NO. 6, DECEMBER 2022 7355712

On the Optimization of Integrated
Terrestrial-Air-Underwater Architecture
Using Optical Wireless Communication

for Future 6G Network
Priyanka Singh , Graduate Student Member, IEEE, Vivek Ashok Bohara , Senior Member, IEEE,

and Anand Srivastava

Abstract—Optical wireless communication (OWC) is one of the
promising solution to enhance the capacity of the next generation
cellular as well as fiber-wireless (FiWi) broadband access networks.
The proposed work aims to complement an OWC system by utiliz-
ing unmanned aerial vehicles (UAV) to improve the performance
of an integrated terrestrial-air-underwater (TAU) communication
framework. Specifically, an integrated FiWi based UAV assisted
hybrid free-space optical (FSO) and underwater wireless optical
communication (UWOC) system is proposed to meet high data
rate requirement between a terrestrial ground station and an au-
tonomous underwater vehicle (AUV). The performance of the pro-
posed scheme is compared against the conventional radio frequency
(RF) based TAU communication framework. We also optimize the
divergence angle of the optical beam of FSO link using a novel
COgnition-based divergence angle tracking (CODAT) algorithm
such that the outage probability of FSO links is minimized and
the data rate requirement of AUV is also satisfied. The impact of
the position of over-sea surface (OSS) relay and UAV altitude on
the performance of the proposed system is also analyzed. Through
the obtained results it has been shown that the proposed OWC
based integrated TAU communication framework outperforms the
conventional RF based TAU communication framework.

Index Terms—Free space optics (FSO), underwater wireless
optical communications (UWOC), unmanned aerial vehicle (UAV),
fiber-wireless (FiWi), outage probability, atmospheric turbulence,
pointing error, divergence angle.

I. INTRODUCTION

THE development of sixth-generation (6 G) wireless net-
works is drawing attention of many researchers. 6G wire-

less networks are expected to meet high data rate and la-
tency requirements for various bandwidth-intensive applications
such as interactive video on demand, streaming 8 K video,
and 3D holographic communication. Further, due to rise in
human activities in the underwater space, there is a need to
provide reliable, robust, and high throughput communication
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in the underwater oceanic networks especially to submarines,
autonomous underwater vehicle (AUV) etc. [1]. Conventionally,
the radio frequency (RF) based underwater link is more suitable
for short distances and low data rate applications since RF
based underwater link has limited bandwidth and suffers from
high absorption in the oceanic environment. Acoustic-based
underwater link can provide long distance communication in
the oceanic environment, however at the expense of increased
latency and lower data rate [2], [3]. Consequently, underwater
wireless optical communication (UWOC) is a potential solution
since it offers high data rates and secure data transmission with
low power consumption in an underwater scenario [4].

Fiber-wireless (FiWi) network has emerged as one of the
promising solutions for next generation wireless network to
meet the stringent requirements of reduced latency and high
throughput [5], [6]. In FiWi networks, the benefits of optical
fiber based back-end is complemented by the wireless based
front-end. Therefore, FiWi is a promising technology that offers
not only wide bandwidth but also provides ubiquitous accessi-
bility to the users. In front-end of conventional FiWi, RF based
link can be replaced with free space optics (FSO) link to offer
robust and high data rate communications. As compared to RF,
FSO provides ease of installation, immunity to electromagnetic
interference (EMI), a broader unlicensed spectrum, and very
high transmission rate. However, atmospheric attenuation, atmo-
spheric turbulence, and pointing errors affect the performance
of FSO link. One efficient solution is to use unmanned aerial
vehicle (UAV) as an aerial relay with FSO link. UAV assisted
FSO link enhances the network’s performance in unfavorable
atmospheric conditions.

In addition, the optical beam of laser source in FSO link
is characterized by divergence angle. The divergence angle of
optical beam is an angular measure of the increase in the beam
diameter with respect to the distance from the laser source to the
receiver aperture. An increase in the divergence angle reduces
the outage caused by beam misalignment. However, large diver-
gence angle reduces the received power at the receiver aperture.
Therefore, it is essential to optimize the divergence angle to
improve the performance of the FSO based communication
systems [7], [8].
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A. Related Work

Some recent works have proposed UAV assisted FSO based
communication for the terrestrial-air networks [7], [8], [9],
[10], [11]. For instance, in difficult and challenging terrains,
UAV assisted relay could be deployed to provide high data rate
services. In [7], the authors proposed UAV assisted hybrid FSO
and RF based communication system in terrestrial network and
optimized the divergence angle of the optical beam to ensure
maximum data rate with minimum outage probability. FSO link
is used to connect the ground station to UAV, whereas UAV is
connected to the ground users via RF links. Consequently, UAV
while acting as a relay facilitates the information transfer from
the ground station to the mobile users. In [8], the authors opti-
mized the position of the UAV along with the optimal beamwidth
under the effect of height and position of building in UAV
assisted FSO based communication system. In [9], the authors
investigated the performance of UAV assisted backhaul network
in which UAV is connected to terrestrial network via FSO link.
Moreover, the authors optimized the trajectory of UAV such that
flight time of UAV is maximized in order to satisfy a desired
data rate. In [10], the authors considered that the ground station
transmits the information to UAV through FSO link, and UAV
thereafter sends this information to the mobile users using RF
links. In addition, the performance of the system is analyzed and
the position of UAV under the impact of different atmospheric
turbulence is also optimized. In [11], the authors quantified the
pointing error under the impact of non-orthogonality of the laser
beam and the random fluctuations due to vibrations of the UAV
in FSO based communication system. Moreover, the up-link
performance in terms of the outage probability and the ergodic
rate also analyzed.

Several models have been proposed to provide reliable com-
munication between terrestrial and underwater network. A hy-
brid FSO and UWOC based communication system has been
proposed in [12]. The authors analyzed the performance of
the proposed system in terms of outage probability, average
bit-error-rate (BER), and average capacity. In [13], the authors
analyzed the performance of a multi-user mixed FSO-UWOC
system in terms of outage probability. The authors considered
that oceanic information collected from the underwater sensors
is first transmitted to a static over-sea surface (OSS) relay. Then,
this information is relayed to the shore receiver through FSO
link. However, the work is limited to FSO and UWOC based
terrestrial-underwater cooperative network. Moreover, employ-
ing UAV as a terrestrial relay is foreseen as a viable solution
to improve the performance of existing terrestrial-underwater
communications systems [14]. UAV assisted relay can also assist
in oceanography scenarios, where UAV can facilitate connection
between the shore transmitter and an AUV. To improve the
efficiency of terrestrial-underwater cooperative network, UAV
can be employed as an aerial relay to increase the communication
range between the shore transmitter and AUV. In [14], the
authors analyzed the performance of UAV assisted mixed RF
and UWOC based communication systems in terms of outage
probability, average BER, and average capacity. In the method
proposed, the authors assumed that UAV transmits information
to static OSS relay deployed on the sea surface via RF link.

Then, OSS relay transmits information to AUV using UWOC
link. Table I shows the notable contribution of our work and prior
works related to the UAV assisted hybrid system. In [7], [8],
[9], [10], and [11], the authors analyzed the performance of
UAV assisted FSO based communication system, by taking into
account the impact of channel impairments. However, these prior
works are limited to terrestrial-air cooperative networks. In [9], a
point-to-point FSO link is considered between terrestrial ground
station and UAV, the authors focus on maximization of service
time under limited energy. In [7], [10], the authors considered
that the terrestrial ground station is connected to UAV via FSO
link and UAV relays the data to users via a RF link. In [8], it is
assumed that UAV works as a relay between terrestrial source
node and terrestrial destination node, the authors optimized the
position of UAV in the sky. In [11], the authors considered
that UAVs transmit the information to multiple mobile users
via an RF link and UAVs communicate with the terrestrial
ground station via FSO links. Furthermore in [12] and [13], it is
assumed that static over-sea surface (OSS) relay transmit the data
between terrestrial ground station and an autonomous underwa-
ter vehicle (AUV) via FSO-UWOC link. In [14], the authors
proposed UAV assisted RF-UWOC based system wherein RF
link between UAV and OSS relay and an UWOC link between
OSS relay and AUV is considered. Moreover, no communi-
cation link between UAV and ground station is considered.
Furthermore, unlike [12], [13], and [14] the proposed work
optimizes the divergence angle of optical beam for mitigat-
ing the effects of misalignment between FSO transmitter and
receiver.

In terrestrial-underwater cooperative network, efficient cov-
erage of static ground station largely depends on its locations
with respect to the sea surface. On the other hand, deploying
UAVs as an aerial relay can effectively alleviate and surpass
coverage issues since UAVs are able to flexibly move to the
required coverage area. To improve further the efficiency of
terrestrial-underwater cooperative network, OSS relay can also
be employed as an dynamic relay to increase the coverage range
between UAV and AUV. Hence, in this work, we proposed UAV
assisted hybrid FSO and UWOC system where UAV and OSS
relay can facilitate communication between the ground station
and an AUV. Both UAV and OSS serve as relay for further
improving the communication range between ground station and
AUV. UAV forwards the information from ground station to OSS
relay using FSO link. Finally, AUV communicates with dynamic
OSS relay using UWOC link.

B. Contribution and Organization

Due to rise in human activities in the underwater, there is a
need to provide high throughput communication in the underwa-
ter oceanic networks especially to AUV. To meet high data rate
requirement for video surveillance, we proposed FiWi based
UAV assisted hybrid FSO and UWOC system in terrestrial-
underwater cooperative network. Most of the prior works have
analyzed the performance of UAV assisted hybrid RF and
UWOC link in the air and underwater cooperative networks.
However, the performance of UAV assisted hybrid FSO and
UWOC in the terrestrial and underwater cooperative networks
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TABLE I
COMPARISON OF THE PROPOSED WORK WITH OTHER EXISTING WORKS

has not been well investigated yet. Therefore, we have proposed
to utilized OWC links such as FSO and UWOC link for providing
high data rate between terrestrial station and AUV. However, the
joint performance evaluation of UAV assisted FSO and UWOC
communication in the terrestrial and underwater cooperative net-
works has not been investigated yet. Moreover, the prior works
have analyzed the performance of the mixed RF and UWOC link
in the hybrid network as well derived optimal UAV location in
the air-underwater cooperative networks. The future 6G network
is expected to offer full integration among terrestrial, air, and
underwater communication entities. Therefore, we propose an
end-to-end FiWi based UAV assisted hybrid FSO and UWOC
system with a decode-and-forward (DF) relaying protocol. In
the proposed system, we assume that the optical line terminal
(OLT) is located at the central office (CO), which is connected to
a passive splitter via feeder fiber. A passive splitter is connected
to the number of optical network units (ONUs) via dedicated
distribution fiber. Each ONU is equipped with a laser diode
(LD) for transmitting information to UAV using FSO link. The
UAV serves as an aerial relay and forwards the information to
OSS relay using FSO link. Finally, AUV communicates with
OSS relay using UWOC link. In addition, we also optimize the
divergence angle of the optical beam such that the effect of beam
misalignment due to the movement of UAV is mitigated. By
optimizing the divergence angle, end-to-end outage probability
of FSO link is minimized and data rate requirement of AUV
for video surveillance is satisfied. To the best of the author’s
knowledge, the proposed work is the first of its kind to evaluate
the end-to-end performance of an integrated FiWi based UAV
assisted hybrid FSO and UWOC system. The performance of
the proposed system is investigated by taking into account the
impact of the channel impairments such as atmospheric attenu-
ation, pointing errors, atmospheric turbulence, and underwater
turbulence. In addition, divergence angle of optical beam in the
aerial network is optimized using the proposed COgnition-based
divergence angle tracking (CODAT) algorithm. The proposed
algorithm is assumed to be aware of thresholds set for end-to-end
data rate and outage probability.

The key contributions of the proposed work are summarized
as follows:

1) We investigate the end-to-end performance of an inte-
grated FiWi based UAV assisted hybrid FSO and UWOC
system in terms of the outage probability. The end-to-end
outage performance is analysed in the presence of FSO
and UWOC channel impairments.

2) In addition, we derive the analytical expression for the
outage probability of the proposed system using FSO and
UWOC channel statistics.

3) We propose CODAT algorithm to optimize the divergence
angle of the optical beam in such a way that the outage
probability of FSO link is minimized and the targeted data
rate of AUV is ensured.

4) The impact of mobility of OSS relay and UAV on the
performance of the proposed system has been investigated.

5) Moreover, as a performance benchmark, the end-to-end
outage performance of the proposed system is compared
with a conventional RF based TAU communication sys-
tem.

The remaining paper is organized as follows: The system
model of an integrated FiWi based UAV assisted hybrid FSO and
UWOC system is explained in Section II. The channel models
considered for the proposed system are presented in Section III.
In Section IV, we have discussed the channel statics of FSO and
UWOC link. The problem formulation for optimizing the diver-
gence angle and the proposed CODAT algorithm is presented in
Section VI. Section VII describes the performance evaluation of
an integrated FiWi based UAV assisted hybrid FSO and UWOC
system via analytical and simulation results. The concluding
remarks of the proposed work are presented in Section VIII.

Notations: Log normal distribution is represented by
X (μ, σ2), where σ2 represents the variance and μ is the mean.
The Gamma and modified Bessel function of the second kind
of order xth are denoted as Γ(·) and Kx(·), respectively. erfc(·)
and erf(·) denote the complementary error function and error
function, respectively.

II. SYSTEM MODEL

Fig. 1 illustrates an integrated FiWi based UAV assisted hybrid
FSO and UWOC system in which UAV assisted FSO and UWOC
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Fig. 1. The proposed integrated FiWi based UAV assisted hybrid FSO and
UWOC system.

based front-end network is integrated with 10-Gigabit-passive
optical network based back-end network. In back-end network,
feeder fiber is used to connect the OLT placed at a CO with pas-
sive splitter. Further, the passive splitter is connected to ONUs
through a dedicated distribution fiber. We assume that ONU is
co-located/connected with a shore transmitter that utilizes a LD
for transmitting information to UAV through FSO link. The UAV
acts as an aerial relay and forwards the information to the OSS
relay using FSO link and the OSS relay further transmits the
information to AUV using UWOC link. In this work, we consider
three-dimensional cartesian coordinates (x, y, z) for the position
of each terminal, such as ONU, UAV, OSS relay, and AUV. We
also assume that both UAV and OSS relay utilize the global
positioning system (GPS) for sending their location information
via beacon messages to ONU and UAV, respectively [15]. After
detecting the beacon message from UAV, the distance between
UAV and ONU is estimated at ONU. Similarly, the distance
between UAV and OSS relay is estimated at UAV. ONU and UAV
selects the divergence angle according to the proposed CODAT
algorithm for transmitting the optical beam towards UAV and
OSS relay, respectively. We also assume that both OSS relay and
AUV are mobile. Further, the FSO link between ONU and UAV,
and UAV and OSS relay experience atmospheric turbulence,
atmospheric attenuation, and pointing errors. In addition, in line
with prior literature it is assumed that UWOC link between OSS
relay and AUV follows log-normal fading under weak oceanic
turbulence [13]. Table II contains all the variables used in the
channel modeling and problem formulation.

III. CHANNEL MODELING

This section presents the channel models for FSO and UWOC
link as well as the channel impairment factors. FSO link is
affected by the channel attenuation due to absorption and scatter-
ing of the optical beam, atmospheric turbulence induced by ran-
dom refractive index fluctuation of the atmosphere, and pointing

TABLE II
VARIABLES USED IN CHANNEL MODELING

error caused by beam misalignment between the transmitter and
receiver apertures. On the other hand, UWOC link is modeled
according to log-normal distribution in the presence of weak
oceanic turbulence along with the distance-dependent path loss.

A. UAV Based FSO Channel

In the conventional FSO system, FSO transceiver is placed at a
fixed location on the top of the building. Unlike the conventional
FSO system, UAV based FSO channel is severely affected by the
beam misalignment between transmitter and receiver aperture
due to the movement and vibrations of UAV [11]. Therefore,
UAV based FSO channel is considered as fading channel which
is under the impact of atmospheric turbulence (hat), pointing
error (hp), and atmospheric attenuation (ha). The atmospheric
turbulence is assumed to be a random process with Gamma-
Gamma distribution, and its probability density function (PDF)
is given as [16]:

fhat
(hat) =

2(αfβf )
αf+βf

2

Γ(αf )Γ(βf )
h

αf+βf
2 −1

at Kαf−βf
(2
√

αfβfhat),

(1)
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where Γ(·) and Kx(·) are the Gamma and modified Bessel
function of the second kind of order xth, respectively. The
scintillation parameters of FSO link f are denoted as αf and
βf and further expressed as [16]

αf =
1[

exp

(
0.49σ2

R

(1+0.56σ
12/5
R )7/6

)
− 1

] ,

βf =
1[

exp

(
0.51σ2

R

(1+0.69σ
12/5
R )5/6

)
− 1

] , (2)

where σ2
R is the Rytov variance is denoted as

σ2
R = 1.23C2

n

(
2π

λ

)7/6

L11/6, (3)

where, λ is the wavelength of the optical beam in meters, L is
UAV based FSO link length in meters. C2

n is the refractive index
parameter that characterizes the strength of atmospheric turbu-
lence that lies between 10−13 m−2/3 for strong atmospheric tur-
bulence to 10−16 m−2/3 for weak atmospheric turbulence [16].
However, for UAV based FSO link,C2

n decreases with rise in the
height of UAV (up to 3 km) as per Hufnagle-Valley model [10].
C2

n is defined as C2
n ≈ C2

n(0) exp (
−HUAV

100 ), where C2
n(0) is the

refraction structure parameter in the horizontal link and HUAV

is the height of UAV. We assumed that ONU is installed at height
100 m of a tower to maintain Line of sight (LoS) transmission
between ONU and UAV. Therefore, we consider weak and
moderate atmospheric turbulence on FSO link between ONU
and UAV. While for FSO link between UAV and OSS relay, we
consider strong turbulence. The atmospheric attenuation (ha) of
FSO link over distance L is determined by Beers-Lambert Law
as [11], [16]

ha = exp (−klL), (4)

where kl is the extinction coefficient related to absorption and
scattering of the optical beam by particles suspended in the
atmosphere (in km−1). The PDF of pointing error is expressed
as [16]

fhp
(hp) =

ξ2

Aξ2

0

(hp)
ξ2−1, (5)

where, A0 = [erf(v)]2 denotes the fraction of the collected
power at radial distance 0 and v =

√
πa√
2ωL

. a is the receiver
aperture radius and ωL is Gaussian beam waist. ξ is the pointing
error coefficient, which is defined in terms of jitter standard
deviation σj and the equivalent beam waist ωLeq

at FSO link
distance L as [16]

ξ =
ωLeq

2σj
. (6)

The PDF of the channel fading due to atmospheric turbulence,
atmospheric attenuation, and pointing error is expressed as [16]

fhFSO
(h)=

ξ2αfβf

A0haΓ(αf )Γ(βf )
G3,0

1,3

(
z

∣∣∣∣ ξ2

ξ2−1, αf−1, βf−1

)
,

(7)

where z =
αfβfh
A0ha

, G.,.
.,.(·) is the Meijer-G function. The PDF of

the instantaneous SNR (γFSO) of FSO link is expressed as [16]

fγFSO
(γ) =

ξ2

2Γ(αf )Γ(βf )
γ−1G3,0

1,3

(
αfβfκ

γ̄FSO
γ

∣∣∣∣ ξ2 + 1
ξ2, αf , βf

)
,

(8)
whereκ = ξ2/(ξ2 + 1) and γ̄FSO is the average electrical SNR.
On integrating (8), the corresponding cumulative distribution
function (CDF) of the instantaneous SNR of FSO link is ex-
pressed as

FγFSO
(γ) =

ξ2

Γ(αf )Γ(βf )
G3,1

2,4

(
αfβfκ

γ̄FSO
γ

∣∣∣∣ 1, ξ2 + 1
ξ2, αf , βf , 0

)
.

(9)

B. UWOC Channel

In this paper, UWOC link between OSS relay and AUV is
represented as the fading channel under the impact of oceanic
turbulence (ho) and distance dependent path loss (hPL). Path
loss (hPL) in oceanic scenario can be estimated as [13]

hPL =
Au cos θu

2πL2
u (1− cos (θ0))

exp

(
−c (λu)Lu

cos θu

)
, (10)

where λu is the wavelength of the optical beam in the underwater
in meters, Lu is the length of UWOC link between OSS relay
and AUV in meters, and θ0 is beam divergence angle of laser
source. θu is the angle between the perpendicular to OSS relay
plane and AUV- OSS relay trajectory and Au is the area of OSS
relay aperture.

Oceanic turbulence (ho) follows log-normal distribution in
weak oceanic turbulence as mentioned in [13]

fho
(hu) =

1

2hu

√
2πσu

exp

(
− (lnhu − 2μu)

2

8σ2
u

)
, (11)

where hu denotes the optical irradiance in the underwater. μu

and σ2
u is the mean and variance of the random variable X ,

respectively. Random variable X is expressed as X = 1
2 lnho.

The scintillation index of oceanic turbulence σ2
ho

is related
to variance of log-normal distribution is expressed as σ2

ho
=

exp (4σ2
u)− 1. The PDF of the instantaneous SNR (γuwoc) of

UWOC link is given as [13]

fγuwoc(γ) =
1

4γ
√
2πσu

exp

⎛
⎜⎝−

(
ln
(

γ
γ̄uwoc

)
− 4μu

)2
32σ2

u

⎞
⎟⎠ .

(12)
On integrating (12), the corresponding CDF of the SNR of
UWOC link is expressed as [13]

Fγuwoc(γ) =
1

2
erfc

⎛
⎝ ln

(
γ̄uwoc
γ

)
+ 4μu

4
√
2σu

⎞
⎠ . (13)

C. End-to-End Data Rate Analysis

In this subsection, the end-to-end performance of the proposed
system is analyzed in terms of the achievable data rate. The
end-to-end data rate of the proposed system is restricted to the
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rate of the weaker link among other links as mentioned in [17].
Thus, the end-to-end data rate of an integrated FiWi based UAV
assisted hybrid FSO and UWOC system for DF relaying scheme
is given as

De2e = min {DFSO1
, DFSO2

, Duwoc} (14)

where DFSO1
and DFSO2

are the instantaneous achievable data
rate of FSO links between ONU and UAV, and UAV and OSS
relay, respectively. Duwoc indicates the instantaneous achievable
data rate of UWOC link between OSS relay and AUV. In the
first FSO link between ONU and UAV, the achievable data rate
is calculated as

DFSO1
= BWFSO1

log2(1 + γFSO1
), (15)

where BWFSO1
denotes FSO bandwidth and γFSO1

is the SNR
of FSO link between ONU and UAV. Similarly, we can obtain
the data rate for FSO link between UAV and OSS relay as

DFSO2
= BWFSO2

log2(1 + γFSO2
), (16)

where BWFSO2
denotes FSO bandwidth and γFSO2

is the SNR
of FSO link between UAV and OSS relay. In third link between
OSS relay and AUV, the achievable data rate is given as

Duwoc = BWuwoc log2(1 + γuwoc), (17)

where BWuwoc denotes bandwidth of UWOC link and γuwoc is
the SNR of UWOC link between OSS relay and AUV.

IV. END TO END OUTAGE PROBABILITY ANALYSIS

In this section, end-to-end outage probability of the proposed
system is derived from the statistical characteristics, i.e., CDF
of the end-to-end SNR.

A. Statistical Characteristics of the Channel Links

In this work, we assume that optical beam is transmitted over
three independent links in the downlink. Since we use the DF
relaying scheme, the analytical expression for SNR of the end-
to-end link of the proposed system is given as [18]

γe2e = min {γFSO1
, γFSO2

, γuwoc} , (18)

where γFSO1
, γFSO2

, and γuwoc are the SNRs of FSO link
between ONU and UAV, UAV and OSS relay, and UWOC link
between OSS relay and AUV, respectively.

B. Cumulative Distribution Function

Finally, the CDF of SNR γe2e of the end-to-end UAV assisted
FSO and UWOC based communication system is expressed
as [19]

Fγe2e
(γ) = 1− [

(
1− FγFSO1

(γ)
)× (1− FγFSO2

(γ)
)

× (1− Fγuwoc(γ))], (19)

where FγFSO1
(γ) denotes the CDF of the SNR of FSO link

between ONU and UAV, FγFSO2
(γ) denotes the CDF of FSO

link between UAV and OSS relay. The analytical expression
of CDF of the SNR of the end-to-end UAV-assisted FSO and
UWOC system is calculated by substituting (9) and (13) in (19)

and is shown in (20). In (20), ξ1 and ξ2 denote pointing error
coefficient for FSO link between ONU and UAV and UAV and
OSS relay, respectively.

Fγe2e
(γ) = 1

−
[(

1− ξ21
Γ(αf1)Γ(βf1)

G3,1
2,4

(
αf1βf1κ1

γ̄FSO1

γ

∣∣∣∣ 1, ξ21 + 1
ξ21 , αf1 , βf1 , 0

))

×
(
1− ξ22

Γ(αf2)Γ(βf2)
G3,1

2,4

(
αf2βf2κ2

γ̄FSO2

γ

∣∣∣∣ 1, ξ22 + 1
ξ22 , αf2 , βf2 , 0

))

×
(
1− 1

2
erfc

(
ln( γ̄uwoc

γ ) + 4μu

4
√
2σu

))]
, (20)

C. Probability Density Function

The PDF of the SNR of the end-to-end link of the UAV-
assisted FSO and UWOC system can be obtained by differenti-
ating (19) and it is expressed as

fγe2e
(γ) = [fγFSO1

(γ)
(
1− FγFSO2

(γ)
)
(1− Fγuwoc(γ))]

+ [fγFSO2
(γ)
(
1− FγFSO1

(γ)
)
(1− Fγuwoc(γ))]

+ [fγuwoc(γ)
(
1− FγFSO1

(γ)
) (

1− FγFSO2
(γ)
)
],

(21)

where fγFSO1
(γ) denotes the PDF of the SNR of FSO link

between ONU and UAV, fγFSO2
(γ) denotes the PDF of FSO

link between UAV and OSS relay. The closed form expression
of the PDF for the SNR of the end-to-end link of UAV-assisted
FSO and UWOC communication system can be obtained by
substituting (8), (9), (12), and (13) in (21).

D. Outage Probability

In this subsection, we analyze the outage probability of an
integrated FiWi based UAV assisted hybrid FSO and UWOC
system. For a particular data rate, when the instantaneous SNR
of the end-to-end link of the proposed system falls below the
SNR threshold (γth), the proposed system will suffer an outage.
Since no data is received by AUV when received SNR fall below
γth, the outage probability Pout can be given as

Pout = Pr[γe2e < γth]. (22)

V. OPTIMAL DIVERGENCE ANGLE ANALYSIS

In this paper, it is assumed that the optical beam of FSO link
incident on the detector’s plane has Gaussian power intensity
profile [11]. Gaussian beam from laser source is directed toward
the detector’s plane that is perpendicular to its propagation
direction [11]. In this work,Ldenotes FSO link distance between
laser source and center of beam footprint on the detector’s plane
that is perpendicular to its direction of propagation. Fig. 2 depicts
geometry of Gaussian beam transmitting from laser source to
UAV, where FSO link distance L along the axis of the optical
beam is calculated as

L = x cos
(
θ 1

2

)
+AB cos(φ)−A′C cos(φ), (23)
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Fig. 2. Geometry for Gaussian beam propagation model.

where φ = δ + θ 1
2

is tilt angle and θ 1
2

denotes half of the
divergence angle. x is distance between A and C, the horizontal
distance between laser source and detector is denoted by AB,
and AA′ is the height of UAV from the top of tower at which
ONU is installed. r is calculated as r = L sin(φ)− x sin(θ 1

2
).

The elevation angle δ is estimated as

δ = arctan

(
AA′

AB

)
, (24)

ωL is Gaussian beam radius of the optical beam is calculated
as [11]

ωL = ω0

√
1 +

(
1 +

2ω2
0

ν2(L)

)(
λL

πω2
0

)2

, (25)

where ω0 = λ
(πθ 1

2
) is the radius of the laser beam at the trans-

mitter. Coherence length in meters is expressed as ν(L) =
0.55C2

n(
2π
λ
)2L−3/5. Hence, the received optical power Prec on

the detector’s plane from the beam footprint is calculated as [20].

Prec =
2PtApd

π (ω2
L)

exp

(
−2r2

ω2
L

)
10

( −klL

10

)
, (26)

where Apd is the effective area of detector as given in [21], Pt

is transmitted optical power from the laser source.

A. Problem Formulation

The main objective of the paper is to optimize the divergence
angle in such a way that the outage probability of FSO link
is minimized and targeted end-to-end data rate is satisfied.
The outage probability of FSO link due to beam misalignment
between the laser source and detector is estimated as [7]

P outage
FSO = exp

(
− (a+ ωL)

2

2σ2
FSO

)
, (27)

where σ2
FSO is the variance of displacement of the optical beam

and a is the radius of detector’s area. Specifically, the opti-
mization problem is formulated as minimization of the outage
probability of FSO link by optimizing the divergence angle of
optical beam in (28)

(P1) : min
θ1,θ2,δ1,δ2

P outage
FSO , (28)

De2e ≥ Dreq, (29)

0o < δ1 ≤ 90o, 0o < δ2 ≤ 90o, (30)

θmin ≤ θ1 ≤ θmax, θmin ≤ θ2 ≤ θmax,
(31)

Hmin ≤ HUAV ≤ Hmax, (32)

whereDe2e is the achieved end-to-end data rate at AUV,Dreq de-
notes required end-to-end data rate, which is set to be 100 Mbps
that is required for digital video surveillance in oceanic environ-
ment monitoring system [22]. δ1 and δ2 are elevation angle at
ONU and UAV, respectively. θ1 and θ2 are the beam divergence
angles at ONU and UAV, respectively. Hmin and Hmax are the
minimum and maximum height of UAV, respectively. θmin and
θmax are the minimum and maximum divergence angles of the
optical beam at the laser source, respectively.

B. COgnition-Based Divergence Angle Tracking Algorithm
(CODAT)

To efficiently solve (P1), we proposed a CODAT algorithm
to find the optimal value of divergence angle of the optical beam
so that the outage probability of FSO link is minimized and
targeted data rate of AUV is guaranteed. The idea of the proposed
algorithm is to use the awareness of thresholds of end-to-end data
rate and outage probability for optimizing the divergence angle
of the optical beam. By optimizing divergence angle of optical
beam at laser source, we can further improve the performance of
the proposed integrated FiWi based UAV assisted hybrid FSO
and UWOC system. With the use of Algorithm 1, both ONU and
UAV can estimate the optimal divergence angle for transmitting
optical beam towards UAV and OSS relay, respectively. For this
work, we assume that divergence angle at ONU and UAV can be
changed using either mechanical or non-mechanical beam di-
vergence adjustment techniques that are discussed in [23], [24].
These techniques have wide range of beam divergence angle,
accurate divergence control and fast response time. According
to Algorithm 1, by using GPS’s beacon messages, the location
of UAV and OSS relay can be estimated at ONU and UAV,
respectively. With this location information, distance between
ONU and UAV can be estimated and δ1 can be calculated using
(24). Then, CODAT algorithm dynamically changes the value
of θ1, θ2 from wide range of beam divergence angle, i.e., from
θmin to θmax. FSO link distance between ONU and UAV, L1 is
calculated using (23). For calculating FSO link distance between
UAV and OSS relay L2 and δ2, we assume AB is equal to
the height of UAV from sea surface and AA′ is equal to the
distance between UAV and OSS relay. Using (25), beam radius
at UAV ωL1

and OSS relay ωL2
are calculated. The maximum

allowable outage probability for UAV assisted FSO link Pth is
set to be 10−3. At each iteration,P outage

FSO andDe2e are calculated
using (27) and (14), respectively. The iteration continues until
P outage
FSO ≤ Pth and De2e ≥ Dreq . Finally, the optimal value of

θ1 and θ2 are updated at ONU and UAV using beam divergence
adjustment techniques, respectively.

VI. RESULTS AND DISCUSSIONS

This section shows the end-to-end performance of an inte-
grated FiWi based UAV assisted hybrid FSO and UWOC system
and the performance of the proposed CODAT algorithm via
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Algorithm 1: COgnition-Based Divergence Angle Tracking
Algorithm (CODAT).

Input: d1, d2.
1: Calculate δ1 and δ2 using (24)
2: Initialize θk1 = θk2 = [θmin, θmax]
3: for k=0, 1, 2...,K do
4: Estimate L1 and L2 using (23)
5: Calculate ωL1

and ωL2
using (25)

6: Compute P outage
FSO from (27)

7: if P outage
FSO ≤ Pth then

calculate De2e

8: else
θk = θk+1, Go to step 4

9: end if
10: if De2e ≥ Dreq then

θoptimal = θk

11: else
θk = θk+1, Go to step 4

12: end if
13: end for
14: return θoptimal

1 , θoptimal
2

Fig. 3. End-to-end outage probability of an integrated FiWi based UAV
assisted hybrid FSO and UWOC framework over weak, moderate and strong
turbulence with pointing errors.

Monte Carlo simulations. We set the SNR threshold γth =
2 dB for the analysis of end-to-end outage performance [14]. In
order to see the impact of atmospheric turbulence on FSO link,
we calculate the values of Gamma-Gamma fading parameters
αf and βf using (2). The parameter related to pointing error
ξ is calculated using (6). The effect of pointing error is more
pronounced with smaller value of ξ. The parameters used for
simulations are presented in Table III.

A. Outage Probability

Fig. 3 shows the end-to-end outage probability with respect
to the SNR of the end-to-end link under the impact of atmo-
spheric loss, pointing error, and atmospheric turbulence for both

TABLE III
SIMULATION PARAMETERS [13], [16], [23], [25], [26]

FSO links between ONU and UAV, and UAV and OSS relay.
Analytical derivation obtained in 20 is validated through sim-
ulations. The end-to-end outage performance of the proposed
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Fig. 4. Comparison of end-to-end outage probability of an integrated FiWi
based UAV assisted hybrid FSO and UWOC system with conventional RF based
TAU communication framework.

system in weak and moderate turbulence is much better than
strong turbulence. Strong turbulence degrades the outage per-
formance of the proposed system. For instance, the outage
probability of 10−1 is achieved at 15 dB SNR and 13.5 dB
SNR in moderate turbulence with pointing error (ξ1=1.01,
ξ2=0.7) and weak turbulence with pointing error (ξ1=1.45,
ξ2=1.03), respectively. While in the case of strong turbulence
with pointing error (ξ1=0.6, ξ2=0.47), the outage probability
of 10−1 is achieved at 25 dB SNR. Moreover, in the case of
moderate turbulence, the outage probability of 10−3 can be
achieved at 30 dB SNR. For comparison, we consider con-
ventional RF based TAU communication framework in which
channel between ONU and UAV, and UAV and OSS relay are
RF link, respectively. Further, OSS relay is connected to AUV
using RF based underwater link. We consider that RF channel
between ONU and UAV, and UAV and OSS relay experience
rician fading due to presence of strong LoS path. The RF based
channel is modeled according to [26]. We also assume that
under water link between OSS relay and AUV is RF based
underwater link as given in [25]. The considered simulation pa-
rameters related to conventional RF based TAU communication
framework are listed in Table III. Fig. 4 shows the end-to-end
outage performance of both integrated FiWi based UAV assisted
hybrid FSO and UWOC system and conventional RF based
TAU communication framework. It can be observed that the
proposed system outperforms the conventional RF based TAU
communication framework, specifically in moderate turbulence
with pointing error. The outage probability of 10−3 is achieved at
30 dB and 37 dB SNR for the proposed system and conventional
RF based TAU communication framework, respectively.

B. Performance Evaluation of CODAT Algorithm

For investigating the performance of CODAT under moder-
ate turbulence conditions with pointing error (ξ1=1.01, ξ2 =
1.01), we consider the standard deviation of beam displacement
σFSO = 0.015. We also assume that distance between UAV and

Fig. 5. End-to-end outage probability of FSO link versus FSO link distance
between UAV and OSS relay, d2 for different divergence angles.

Fig. 6. Data rate between OLT and OSS relay versus FSO distance between
UAV and OSS relay, d2.

OSS relay is dynamically changing due to movement of OSS
relay. Fig. 5 depicts that variation of P outage

FSO with respect to
change in d2, when d1 = 455 m, θ1 = .05 mrad. From Fig. 5, it
can be observed that P outage

FSO decreases with increase in beam
divergence angle θ2. However, for a smaller distance between
UAV and OSS relay, outage probability of less than 10−3 is
achieved. By reducing θ2, large distance between UAV and
OSS relay can be achieved. For instance, at θ2 = 0.05 mrad
and d2 = 720 m, an outage probability of 10−3 is achieved.
Whereas for θ2 = 1.5 mrad, P outage

FSO ≤ 10−3 is achieved for
very short distance d2 = 220 m. Therefore, there is trade-off
between transmission distance and FSO outage.

Fig. 6 shows the end-to-end data rate for different θ2, when
d1 = 455 m and θ1 = .05 mrad. It is obvious that the targeted
data rate of 100 Mbps can be achieved at OSS relay when
θ2 = 0.05 mrad is selected because a smaller divergence angle
results in lower pointing error. While higher value of θ2 results in
higher pointing error. Hence, the targeted data rate of 100 Mbps
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Fig. 7. End-to-end data rate of an integrated FiWi based UAV assisted hybrid
FSO and UWOC system versus underwater link distance between OSS relay
and AUV, d3 with θ2 = 0.05 mrad.

is not achieved at a large divergence angle. Moreover, for smaller
values of θ2, the distance between OSS relay and UAV can
be extended. At θ2 = 0.05 mrad, the data rate requirement of
100 Mbps at OSS relay is achieved with d2 = 800 m.

It can be observed from Fig. 7, as the underwater distance
between OSS relay and AUV d3 increases from 1 m to 10 m, the
end-to-end data rate decreases with respect to d3. When d3 = 5
m and θ2 = 0.05 mrad, more than 200 Mbps end-to-end data
rate is achieved at d2 = 415 m. It is also observed that for short
distance between UAV and OSS relay, higher end-to-end data
rate can be achieved. While with large d2, i.e., more than 600 m,
desired end-to-end data rate at AUV is not achieved. Moreover,
as a benchmark for comparison, the end-to-end rate perfor-
mance of the proposed system is compared with conventional
RF based TAU communication framework. It can be observed
that conventional RF based TAU communication framework is
not performing well, specifically in terms of end-to-end data
rate. The required end-to-end data rate can not be achieved
using conventional RF based TAU communication framework.
Therefore, an integrated FiWi based UAV assisted hybrid FSO
and UWOC system outperforms conventional RF based TAU
communication framework, specifically for small beam diver-
gence angles. At fixed d3 = 5 m, an integrated FiWi based UAV
assisted hybrid FSO and UWOC system outperforms conven-
tional RF based TAU communication framework, specifically
for data rate upto 100 Mbps. At least up to d2 = 415 m, more
than 100 Mbps data rate can be achieved at AUV with θd = 0.05
mrad. In the case of θ2 = 0.1 mrad, the end-to-end data rate
of 100 Mbps is achieved for short distance d2 = 205 m. As
compared to the proposed system, conventional RF based TAU
communication framework is not performing well as it achieves
less than 40 Mbps end-to-end data rate when d2 = 500 m and
d3 = 6 m. Therefore, there is trade-off between the end-to-end
data rate and the distance between UAV and OSS relay d2 for
both the framework.

Fig. 8. Data rate of FSO link between OLT and OSS relay versus UAV altitude.

Fig. 9. End-to-end data rate of an integrated FiWi based UAV assisted hybrid
FSO and UWOC system versus UAV altitude with θ2 = 0.05 mrad.

To investigate the impact of UAV altitude on the data rate at
OSS relay, we plot data rate versus the UAV altitude in Fig. 8,
when d1 = 455 m, d2 = 550 m. The data rate at OSS relay at
θ2 = 0.05 mrad reaches maximal value at UAV altitude = 70 m.
Since at this UAV altitude, strong LoS is maintained between
ONU and UAV and distance between UAV and OSS relay is not
much large. On the other hand, at high UAV altitudes, the data
rate performance at OSS relay degrades as distance between
ONU and UAV, and UAV and OSS relay increases. However
for higher values of θ2, the data rate degrades with respect
to rise in height of UAV. Fig. 9 depicts the end-to-end data
rate performance of the proposed system as function of UAV
altitude with θ1 = θ2 = 0.05 mrad. For d3 = 1 m, de2e = 450
Mbps can be achieved when UAV operates at height of 56 m
to 95 m. While in the case of d3 = 5 m, an end-to-end data
rate greater than 100 Mbps is achieved, when UAV altitude
increases from 45 m to 130 m. Fig. 10 shows the end-to-end
data rate versus d2 for both UAV-assisted FSO and UWOC
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Fig. 10. Comparison of end-to-end data rate of an integrated FiWi based
UAV-assisted FSO and UWOC system against conventional RF based TAU
communication framework.

system and conventional RF based communication framework,
when d3 = 5 m. It is observed that as compared to RF based
system, the proposed system can achieve more than 100 Mbps
up to d2 = 415 m, when θ2 = 0.05 mrad. With higher value
of θ2 = 0.1 mrad, the end-to-end data rate of 100 Mbps is
achieved at short distance of d2 = 200 m. Conventional RF
based TAU communication system always achieves less than
20 Mbps data rate. The proposed UAV-assisted FSO and UWOC
system has a better performance than conventional RF based
TAU communication framework in terms of the end-to-end data
rate since the impairment due to pointing errors caused due
to beam misalignment between transmit and receive apertures
has been compensated. Specifically, for alleviating the effect of
beam misalignment, we have optimized the divergence angle of
optical beam using CODAT algorithm. The CODAT algorithm
finds the optimal value of divergence angle of the optical beam
such that the outage probability of FSO link is minimized and
data rate requirement of AUV for video surveillance is satisfied.

VII. CONCLUSION

In this paper, we proposed an OWC based integrated TAU
communication framework for future 6G network. Specifi-
cally, we analyzed the end-to-end performance of an integrated
FiWi based UAV assisted hybrid FSO and UWOC system in
terms of the outage probability under the impact of FSO and
UWOC channel impairments. FSO link is assumed to expe-
rience gamma-gamma distribution fading with pointing error,
whereas UWOC link followed log-normal distribution fading
with distance dependent path loss. In addition, the analytical
expression of the outage probability of the proposed system
is derived and validated through simulations. The end-to-end
performance of the proposed system is compared with conven-
tional RF based TAU communication framework in terms of the
outage probability. In addition, we formulated the optimization
problem to optimize the divergence angle of the optical beam

such that the outage performance of FSO link between ONU
and OSS relay is minimized and targeted data rate of AUV is
ensured. We solved the proposed optimization problem using
a novel CODAT algorithm. It was demonstrated that the beam
misalignment in FSO link due to movement of UAV can be
mitigated by using small beam divergence angle. However, the
end-to-end data rate is achieved within limited transmission
distances between UAV and OSS relay since there is always
a trade off between transmission distance and achievable data
rate. Our simulation results revealed the optimal transmission
range between UAV and OSS relay, and OSS relay and AUV for
the improved end-to-end performance. In future, the proposed
work can be extended to include the evaluation with respect to
multi-AUVs scenarios.
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