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ABSTRACT Underwater wireless optical communications are an emerging solution to the expanding
demand for broadband links in oceans and seas. In this paper, a cellular underwater wireless optical code
division multiple-access network is proposed to provide broadband links for commercial and military
applications. The optical orthogonal codes are employed as signature codes of underwater mobile users.
Fundamental key aspects of the network, such as its backhaul architecture, its potential applications, and its
design challenges, are presented. In particular, a promising underwater localization and positioning scheme
based on this cellular network is presented. Furthermore, the proposed network is used as infrastructure of
centralized, decentralized and relay-assisted underwater sensor networks for high-speed real-time monitor-
ing. Finally, probable design challenges, such as cell edge coverage, blockage avoidance, power control, and
network capacity, are addressed.

INDEX TERMS Underwater wireless optical communications, optical CDMA networks, underwater sensor

networks, relay-assisted transmission, undersea localization and positioning, power control.

I. INTRODUCTION

Rapidly growing commercial and military applications for
underwater communication demands for a reliable, flexi-
ble and practical multi-access network. Recent studies have
shown that there are two major solutions to this demand:
acoustic and optical transmission. Due to the limited band-
width of acoustic systems, their maximum achievable rates
are restricted to 10~100 kbps. Furthermore, the low speed
of acoustic waves in undersea media (=1500 m/s) which
results in a high latency in long range communications causes
problems for synchronization and multiple access techniques.
Alternatively, in comparison with the traditional acoustic
approach, wireless optical communication has three main
advantages: higher bandwidth, higher security and lower time
latency [1], [2].

Despite their promising advantages, limited attainable
communication range of underwater wireless optical com-
munication (UWOC) systems, i.e., less than 100 meters with
realistic average transmit powers, hampers their widespread
usage. The general reason is that optical beam propagation
through water suffers from three main disturbing effects:

absorption, scattering and turbulence. In recent years, various
studies have been carried out in order to investigate how
these three impairing effects can be modeled for different
water types and also some intelligent techniques have been
proposed to mitigate these effects and hence to improve
the performance of UWOC systems and extend their viable
communication range.

In [3], Mobley has accomplished an in-depth study of
light interaction in water to characterize absorption and
scattering effects of different water types based on theo-
retical analysis and experimental evidence reported in [4].
Consequently, variety of worthwhile researches have been
carried out to better model the UWOC channel behavior with
respect to the absorption and scattering effects. For example,
in [5] Jaruwatanadilok presented mathematical modeling of
an UWOC channel and its performance evaluation using
radiative transfer theory. Moreover, Dong et al. succeeded to
present a closed-form expression of double Gamma function
to model the channel impulse response in the presence
of absorption and scattering effects [6]. They also pro-
posed a weighted Gamma function polynomial to model the
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fading-free impulse response of general multiple-input
multiple-output (MIMO) UWOC links with arbitrary
numbers of transmitters and receivers [7]. Furthermore,
Zhang et al. proposed a general stochastic channel model
to represent the spatial-temporal probability distribution of
propagated photons for all three types of components includ-
ing nonscattering, single and multiple scattering [8].

Random variation of water refractive index, mainly due
to the random fluctuation of water salinity and temperature,
is one of the other serious effects of UWOC channels. This
phenomenon, which is known as optical turbulence, causes
fluctuations on the propagating optical signal. Recently, many
valuable works have been reported in the literature that focus
on characterizing turbulence-induced fading of UWOC chan-
nels. In [9], a precise power spectrum has been derived for
fluctuations of turbulent water refractive index. Then, this
power spectrum has been employed in [10] and [11] to evalu-
ate the scintillation index of optical plane and spherical waves
using Rytov method. And in [12], the on-axis scintillation
index of a focused Gaussian beam has been formulated in
weak oceanic turbulence and by considering a lognormal
distribution for intensity fluctuations, the average BER is
evaluated. Furthermore, Tang et al. [13] have shown that tem-
poral correlation of irradiance may be introduced by a moving
medium and they investigated temporal statistics of irradiance
in moving ocean with weak turbulence. Also, the authors
in [14] have experimentally shown that air bubbles can cause
severe fluctuations on the propagating optical beam and they
investigated the validity of different statistical distributions in
predicting the intensity fluctuation in a wide range of scintil-
lation index, including weak to strong fading regimes. They
also experimentally measured the channel coherence time,
i.e., the time period in which the channel fading coefficient
remains approximately constant, and verified the assumption
of slow fading for intensity fluctuations in UWOC channels
with the presence of air bubbles.

Owing to this relatively mature literature and possessing
these comprehensive channel studies, in past few years a
variety of interesting results have been reported in the litera-
ture focusing on system design and intelligent transmission
methods for UWOC. Based on the back-reflection of the
propagating optical signal at the ocean-air interface, a novel
non-line-of-sight UWOC system has been proposed in [15].
In [16], a hybrid optical/acoustic communication system has
been developed. In [17] and [18] the authors, in addition to
a detailed performance analysis for UWOC systems, have
proposed MIMO transmission to mitigate turbulence-induced
fading and hence to improve the system performance and
extend the attainable communication range. The beneficial
application of error correction codes in improving the relia-
bility and robustness of UWOC systems is also experimented
in [19]. And advantages of multi-hop transmission, through
serial relaying with bit detect-and-forward (BDF) strategy,
is examined in [20] and it is observed that multi-hop trans-
mission can significantly improve the system performance by
alleviating all the impairing effects of the channel.
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Despite all the above mentioned valuable research activ-
ities which have been carried out to design and analyze
point-to-point underwater optical communication links, lack
of a promising multi-access optical underwater network is
obvious in the literature. This research is inspired by the
need to design an underwater wireless optical network with
multiple-access capability to extend the boundaries and make
possible the communication among various fixed and mobile
users in a relatively large underwater area. This network
can be exploited in a variety of applications such as imag-
ing, real-time video transmission, high throughput sensor
networks, and also can potentially provide reliable commu-
nication links for unmanned underwater vehicles (UUVs),
submarines, ships, buoys, and in particular divers.

Among many multiple-access schemes, optical code divi-
sion multiple access (OCDMA) is receiving much atten-
tion as a promising access technique to share common
resources among asynchronous users without any cen-
tral controller, which is highly desirable in underwater
environment. Amongst the first generation of OCDMA-
based systems, using optical orthogonal codes (OOC) in
fiber-optic communications was introduced by Salehi
in 1989 [21]-[24], while the capability of this scheme
to free space optics (FSO), infrared indoor networks, and
visible light communication (VLC) have been studied
in [25]-[27], respectively. Recently, in [28] we proposed a
cellular topology, based on OCDMA technique, for UWOC
network. Then in [29], we have comprehensively analyzed the
performance of mobile users in such an underwater wireless
OCDMA (UW-OCDMA) network and we also investigated
the beneficial application of serial relaying on improving the
performance of up-and downlink transmission.

In this paper, we elaborate possible challenges and poten-
tial applications of cellular UW-OCDMA network based
on OOCs. In a typical UW-OCDMA network, mobile and
fixed users communicate to an optical base transceiver sta-
tion (OBTS). Each active user transmits its data using a
unique OOC code. This paper describes the UW-OCDMA
network architecture and discusses its potential applications
in underwater localization and local sensor networks. Further-
more, possible challenges regarding blockage avoidance, cell
edge coverage, power control algorithms, and increasing the
number of active users are discussed.

The rest of this paper is organized as follows.
In Section II, we first introduce our system model for cel-
lular UW-OCDMA network. Then, we briefly review the
UWOC channel disturbing effects and discuss how we have
modeled these effects in our system. Afterward, we describe
our proposed backhaul architecture. In Section III, potential
applications of the proposed cellular UW-OCDMA network
are highlighted. In this section, we first focus on underwater
localization as one of the promising applications of the
introduced infrastructure and we discuss several positioning
schemes. Then, we pay attention to underwater optical sensor
network as one of the most important applications of the
proposed infrastructure. We discuss both the centralized and
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Experimental
OBTS prototype

FIGURE 1. The concept and geometry of the proposed cellular UW-OCDMA network with divers, submarines, and UUVs as mobile users.

distributed underwater optical sensor networks. We also
propose relay-assisted transmission for improving the per-
formance of the centralized sensor network and provide
the bit error rate (BER) formulas for the up-and downlink
transmissions. In Section IV, we enumerate the possible
design challenges in cellular UW-OCDMA networks, includ-
ing blockage avoidance, cell-edge coverage, power control,
and expanding the number of supported users; and for each
challenge we suggest possible solutions. Finally, we conclude
the paper in Section V.

Il. CELLULAR UW-OCDMA NETWORK ARCHITECTURE
The general concept and geometry of the cellular
UW-OCDMA network is illustrated in Fig. 1, in which a
set of omnidirectional OBTSs are placed in the center of a
hexagonal cell to cover a larger underwater area; and there are
a number of user transceivers, each having a pair of optical
unidirectional transmitter and omnidirectional receiver. All
OBTSs are interconnected together via fiber optic network
which can be linked to an optical network controller (ONC).
As such, we can expand the limited underwater optical
communication range to a relatively much larger area.

A. SYSTEM MODEL DESCRIPTION

The shape of the designed OBTS resembles a soccer ball
which is created from twelve regular pentagonal and twenty
regular hexagonal panels positioned in a spherical geome-
try. We place 60 LEDs on the junctions of this shape and
32 photodetectors on the center of its pentagonal and hexag-
onal panels. Therefore, the OBTS acts as an omnidirectional
transceiver. In regards to the density of active underwater
users and their required data rate an appropriate set of OOC
signatures is generated and each code is assigned to each
user. Using its unique signature code, each user spreads or
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encodes its data at the transmitter. On-off keying (OOK)
signaling is exploited to modulate users’ data using intensity
modulation (IM) technique.

In uplink direction, nearby OBTS receives and photode-
tects active underwater users’ signals. Based on the network
topology, the received signal will be either despread by OOC
codes at the OBTS, or again converted back to an optical sig-
nal by applying an electro-optic Mach-Zehnder modulator;
and then the optical signal will be transmitted to the ONC
via fiber optic network. In other words, an OBTS can play
the role of either a dummy received and forward (as shown
in Fig. 2) or an intelligent decode and forward relay [28].
A location database should be designed at the ONC to register
the location of mobile users (MUs) and decide to which
OBTS data must be forwarded. Backhaul architecture of the
network will be discussed in more detail in subsection II-D.

An OOC is a sequence of “0” and “1”, which is charac-
terized by (F, W, p) where F is the code length, W is the
code weight which determines the total number of ones in
each codeword, and p is the maximum value of shifted auto-
correlation and crosscorrelation [21]. The maximum number
of OOC signatures (N,) is limited by the well-known John-
son upper bound [21] which restricts the total number of
active MUs.

In a typical OOC-based OCDMA system with OOK mod-
ulation, binary *““1” is transmitted by a signal with a total of F
chips from which W chips are on or pulsed. The positions of
on chips are marked with the corresponding OOC signature
code pattern and the other, F — W, chips remain off. However,
binary “0” is transmitted by setting all F' chips to be off.

B. CHANNEL MODEL DESCRIPTION
In regards to the impairing effects of underwater channel on
the proposed UW-OCDMA network, three major phenomena

VOLUME 4, 2016
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FIGURE 2. Optical base transceiver station (OBTS) block diagram. The proposed OBTS is constructed from 60 LEDs and
32 photodiodes to act as an omnidirectional transceiver. It is also connected to a fiber network by a pair of
electro-optic modulator and detector. AGC block is an automatic gain control unit.

namely absorption, scattering and turbulence need to be con-
sidered. Absorption is due to photon energy loss as a result
of interaction with water molecules or other particulates via
a thermal process while scattering is deviation of photons
from their original path as a result of encountering photons
with particulates. Loss in energy caused by absorption and
scattering can be characterized by absorption coefficient a(})
and scattering coefficient b(}), respectively, with A denoting
the optical wavelength. According to the Beer’s law, non-
scattered optical beam experiences an exponential extinction
with cumulative coefficient ¢ () a(X) + b(r). Optical
turbulence, on the other hand, occurs due to the random
variations of refractive index. These random variations in
underwater medium mainly result from fluctuations in tem-
perature and salinity and will cause fading on the received
optical signal [10].

It is popular in the literature to model the absorption and
scattering effects based on Monte Carlo (MC) simulation.
This approach results in a fading-free impulse response /o (%).
For instance in [6], Tang er al. presented a closed-form
expression of double Gamma functions to model the channel
impulse response in the presence of absorption and scatter-
ing effects for coastal and harbor water environments where
attenuation length t = c(A)L has relatively large values, in
which L denotes the link range. The closed-form expression
of the double Gamma function is;

ho(t) = C1 Ate™ 22 + C3 Ate™ 44 (1)

(t = 1o)

where At = t — ty, t is the time scale and to = L/v is
the propagation time which is the ratio of link range L over
light speed v in water. The parameter set (Cy, Cz, C3, C4) in
above equation can be computed from Monte Carlo simula-
tion results using nonlinear least square criterion as;

(C1, G2, C3, C4) = argmin </[ho(t) - hmc(t)]zdt> @

where h(¢) is the double Gamma functions model in equa-
tion (2), hyc(t) is the Monte Carlo simulation results of
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impulse response, and argmin(.) is the operator to return the
argument of the minimum [6].

To characterize turbulence effects, the authors in [29]
have considered a positive multiplicative fading coefficient.
In weak oceanic turbulence scenario, the fading coefficient
can be modeled with log-normal distribution as;

<ln (h) — 2Mx)2

2
8o;

3

i (71) = 271\/;7;@ -

where 1, and oxz are, respectively, the mean and variance of
the Gaussian distributed log-amplitude factor x = 1 In(%).
To ensure that the fading coefficient conserves the energy,
we normalize fading amplitude such that E[k] = 1, which
implies (i —UXZ . It can be shown that variance of log-
amplitude factor o2 is related to the scintillation index of
propagating signal 012 as ax2 %ln(a,2 + 1) [29]. There-
fore, having scintillation index, sz can be obtained for weak
oceanic turbulence. As a result the overall channel impulse
response can be modeled as A(t) = fzho(t).

It has been shown in [3] that absorption and scat-
tering have the lowest effect at the wavelength interval
400 nm < A < 530 nm which span on the blue/green
region of the visible light spectrum. In our proposed archi-
tecture, in order to reduce backscattered light of the OBTS’s
optical transmitters on its receivers we have chosen green
LEDs with central wavelength of 532 nm for OBTS, blue
LEDs with central wavelength of 450 nm for users, and
appropriate optical filters to pass only the desirable range of
wavelengths.

In the literature, the attenuation length is defined as
T c(A)z in which z denotes the physical link distance.
Based on Monte Carlo simulation result in [6] for small
values of the attenuation length 7, i.e.,, T < 15, and sys-
tem bandwidth below 20MHz, channel can be considered
as non-dispersive. In such conditions, the proposed cellular
UW-OCDMA network can work without any need for chan-
nel equalizer. However, for higher data rates and larger cell
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FIGURE 3. (a) An illustrative example of the centralized backhaul architecture; (b) MUs location database used in ONC;
(c) an illustrative example of the decentralized backhaul architecture; (d) packet format in decentralized architecture;
(e) databases corresponding to OBTS, such as MU-AT, NT, and RT in the decentralized architecture.

size an equalizer needs to be designed to remove inter-
symbol-interference (ISI) caused by underwater channel
dispersion.

C. UNDERWATER NOISE SOURCES

Underwater optical communication is disturbed by many
noise sources such as sunlight and bioluminescence back-
ground noise, thermal or Johnson noise and dark current
noise.

In [30], it is proposed that background noise caused by
bioluminescence and Cherenkov radiation is low enough that
it does not interfere with the signal. In the rest of paper,
npg and iy denote the solar background noise and dark current
noise, respectively. The solar background noise power is [31].

Py — ERLp,ce X

AL X AT (FOV)?, )
where E is downwelling irradiance (watts/m?), R is underwa-
ter reflectance of the downwelling irradiance, Ly, describes
the ratio of radiance observed at a specific viewing angle
as compared to looking straight down (viewing angle 180°),
K 1is the diffuse attenuation coefficient, and 4 is depth.
A, and FOV are receiver aperture area and half angle
field of view, respectively. Also, A\ denotes photo detector
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optical bandwidth. For example in a wavelength 532 nm,
E = 1440 watts/m?, R = 1.25%, and Lize = 2.9 in the
horizontal direction [31].

D. PROPOSED BACKHAUL ARCHITECTURE

In this subsection, the proposed backhaul architecture for
underwater cellular network is discussed. Generally, two
approaches are considered to interconnect OBTSs, namely
centralized and decentralized. In centralized backhaul archi-
tecture, all OBTSs are connected to a central ONC, which
is responsible to perform traffic forwarding among OBTSs.
In Fig. 3(a), topology of the proposed architecture is illus-
trated. In ONC database, the serving OBTS of each MU is
recorded, thereby ONC interconnects MUs located in dif-
ferent OBTSs, as shown in Fig. 3(b). The ONC’s database
is updated based on the OBTS feedbacks after any changes
in their MU association table (MU-AT). MU-AT contains
the list of all MUs served by an OBTS and is updated after
registration/elimination of MUs.

In Fig. 3(c), the architecture of decentralized backhaul
architecture is depicted. We note that in the decentralized
backhaul architecture, each OBTS has an interface executing
routing and traffic forwarding functionalities among OBTSs.
Furthermore, a signaling protocol is used to distribute
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MU-ATs over the backhaul network. Each OBTS notifies its
updated MU-AT to other OBTSs by broadcasting its MU-AT
via a signaling packet. The header of the signaling packet con-
tains packet type, source ID, and packet number, as depicted
in Fig. 3(d). This packet is flooded in the network, i.e., each
intermediate node broadcasts the received signaling packets
to all its ports, thereby all OBTSs obtain the location informa-
tion of MUs. It is worth noting that intermediate nodes record
the packet number of signaling packets in order to prevent
broadcasting a signaling packet two times and further to avoid
unstable packet flooding.

In decentralized architecture, in addition to database of
MUs location, a routing table (RT) is necessary to send
traffic between OBTSs. Each node discovers its neighbors
by sending Hello packets, whereby neighbors respond the
Hello packets by sending their OBTS ID. Then, information
of neighbor OBTSs are recorded in neighboring table (NT).
In order to discover the whole network topology each node
broadcasts its NT periodically. By considering backhaul
topology, each OBTS uses Dijkstra shortest path algorithm
to compute its routing paths toward all other OBTSs, thereby
its RT is completed by determining the output port number
for each destination node. Figure 3(e) illustrates different
databases of OBTS, in the decentralized architecture shown
in Fig. 3(c). It should be noted that in the RT database,
a packet destined toward OBTS3 (OBTSg) can be steered
through port 1 or 2 (port 1, 2, or 3). This is because by
using Dijkstra shortest path algorithm we obtain two paths
(three paths) with the same length from OBTS; to OBTS3
(OBTSg). Thus, this would lead to improve the reliability of
the backhaul architecture against fiber cut by replacing failed
port with its alternative.

Ill. POTENTIAL APPLICATIONS

Besides the main purpose of the cellular UW-OCDMA net-
work, which is providing a reliable and flexible communica-
tion link for underwater mobile users in a relatively large area,
there are yet many other potential applications which can
exploit this infrastructure by adding minor complexity to the
network. In the following subsections, two major secondary
applications of the network are discussed.

A. UNDERWATER LOCALIZATION

Global positioning system (GPS) receivers are widely used
in terrestrial area to determine the location of a mobile user.
However, this is not possible in underwater medium since
GPS signals do not propagate through water. The conven-
tional alternative to GPS for underwater positioning is acous-
tic based localization. However, these systems are highly
vulnerable to acoustic noise from vessels, operations and
sea life. Acoustic systems are also affected by multipath
fading or echo, reflected from solid objects and sea sur-
face. In order to overcome these issues, the infrastructure
of the proposed cellular UW-OCDMA network can be used
as a promising underwater positioning system; since the
OBTSs are placed at pre-determined locations, they can serve
as anchor (reference) nodes. According to the range-based
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localization method, the underwater MU needs to, first, esti-
mate its distances from each OBTS in its communication
range. And then estimate its position, using methodolo-
gies based on the intersection of various circles centered
at each OBTS with radii corresponding to the distance
measurements. Several techniques such as received signal
strength (RSS), angle of arrival (AOA), time of arrival (TOA)
and time difference of arrival (TDOA) are presented and
investigated in terrestrial networks to estimate the MU’s dis-
tance from the reference nodes [32]. In the following, we
discuss RSS and TDOA as two promising schemes in our
UW-OCDMA network and will elaborate RSS technique in
more details.

In TDOA technique, the MU’s position is estimated based
on the difference between TOAs from several OBTSs. Once
the MU detects a signal from an OBTS, it waits for another
signal from a different OBTS (with different ID) and mea-
sures the difference between these two TOAs. As shown in
Fig. 4(a), the locations of the points with a constant time
difference (constant distance difference) are hyperbolic lines
with two OBTSs as the focal points. The differences in
receiving time of signals from three nodes result into two
independent hyperbolas that their cross point is the location
of the MU. Note that this technique requires precise synchro-
nization between all OBTSs and a high resolution clock to
measure the time difference.

According to the RSS scheme, the distance is estimated
based on the attenuation introduced by the propagation of
the signal from OBTSs to MU. As shown in Fig. 4(b), the
underwater MU compares the received signals from at least
three OBTSs to identify its location. Each level indicates
a circle around the corresponding reference node and the
cross section of three of such circles specifies the location of
the user. Since almost all receivers can estimate the level of
received signal, RSS does not need extra devices or modules,
which makes it a low cost method. However, a precise channel
model is required for an accurate distance estimation using
the relation between distance and attenuation behavior. Also,
in order to eliminate random nature of the received signal due
to the optical channel turbulence, we can average the received
signal over a period of time larger than the channel coherence
time.

In the following, the expressions to estimate the first user’s
position based on RSS scheme are driven. The integrated
current at the first user’s receiver y(; 1) is considered as a
measure of signal strength;

Y1) = RPt avg Tshi 1yL(d( 1)) + v1, (5)

where R = ng/hf is the photodetector’s responsivity. Py qvg
and T, denote average power and time duration of the
localization signal transmitted by OBTS, respectively. iz(m)
and L(d; 1)) represent log-normal fading coefficient and the
aggregated channel loss (due to absorption and scattering
effects) associate with the channel between the ith OBTS
and the first user, respectively. v is a zero mean Gaus-
sian random variable corresponding to the integrated com-
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FIGURE 4. Potential applications of cellular UW-OCDMA network: (a) underwater localization based on TDOA scheme;
(b) underwater localization based on RSS scheme; (c) underwater optical sensor networks (centralized and distributed).

bined noise components over T seconds at the first user’s
receiver.

The above expression shows the integrated current at first
user’s receiver result from ith OBTS localization signal as a
function of distance between user and OBTS, d; 1). However,
in RSS method, we need to obtain user’s distance in terms
of the received signal strength. Having known some pairs of
(i, 1)» d(i,1y) from Monte Carlo simulation or experimentally
measurements, a polynomial function can be fitted to obtain
an estimate of d; 1) in terms of a given y(; 1) as follows;

21'(:',1) = bo+ b1y +b2yin + -+ buyin™,  (6)

in which coefficients (bo, by, ..., by) can be found using
minimum mean square error (MMSE) method. Therefore,
based on the estimated user’s distances from neighboring
OBTSs {d;, 1)}?]:"?57 , we need to approximate the user’s posi-
tion (x, ¥,) in a two dimensional coordinate. For the sake
of simplicity, it is assumed that the first OBTS has been
located at the origin of the coordinate, i.e., (0, 0), and the
rest of OBTSs are considered to be located at (x;, y;). Note
that we can always move the origin of the coordinator to the
first OBTS position to satisfy this assumption. Therefore, the
actual distance of the first user from OBTSs will be;

dan; = x; + v, @)
in’ = & =X+ i —y)? i=2,3,... s Nieig
(3)
By subtracting d(;, 1y from d(; 1), we have;
dii? - da.n’
in2+yi2 = 2xixy — 2yiyu, 1=2,3,...,Nneig (9)
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Then, defining 1rl.2 xi2 + yl.z, the above expression can be
written in a matrix form as Cx = D, where;

X2 »2
X3 y3
€= » (10)
'aneig yNneig
5 —den® +dan’
1 r% —dan* +da?
D=3 - . (1D
2 :
r%/neig - d(Nneigsl)z + d(l’l)z
Xu
X = ; 12
(yu > (12)

Therefore, substituting d(; 1) with cAi(i,l), the linear-least-
square (LLS) solution for the estimated position of the first
user can be written as;

2 =«’c) 'cTp, (13)
From this matrix form, it is implied that in order to estimate
the user’s position, we need to know the distance of the
user from at least three neighboring OBTSs. However, the
contribution of more OBTSs will result in less estimation
error. Figures 5(a) and 5(b) show the simulation results for
positioning accuracy of the proposed underwater localization
based on RSS algorithm in a clear ocean and coastal ocean
water, respectively. In this simulation, the underwater mobile
user utilizes the expression in (6) in order to estimate its
distance from its seven neighboring OBTSs (N, = 7) based
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FIGURE 5. Simulation results of the proposed underwater localization
based on RSS algorithm for two different values of log-amplitude fading
parameter ox. The Monte Carlo simulation is used to model both water
channels. The effective diameter of receiver aperture is Dy = 20 cm.

(a) clear ocean water with extinction coefficient of ¢ = 0.151 m~1.

(b) coastal ocean water with extinction coefficient of c = 0.30 m~1.

on the received signal of these OBTSs. Then, user applies the
linear least square estimation in (13) to approximate its posi-
tion. Note that in Fig. 5, the deviation from the actual position
of the user is result from the random nature of the turbulence-
induced fading due to fluctuation of water refraction index.
In both figures 5(a) and 5(b), the mean square error (MSE) of
estimated position increases with increasing fading variance.
However, in Fig. 5(b) we need to decrease the cell radius in
order to have limited MSE in coastal ocean water where we
have more scattering and absorption.

B. UNDERWATER OPTICAL SENSOR NETWORK
Underwater sensor networks will find critical roles in inves-
tigating climate change, disaster prevention (e.g., tsunami),
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in monitoring biological, biogeochemical, evolutionary and
ecological changes in the sea, ocean and lake environments,
in pollution monitoring, and in helping to control and main-
tain oil production facilities. Underwater observation can be
carried out with either sensors mounted on the sea floor or
UUVs equipped with sensors as shown in Fig. 4(c).

1) CENTRALIZED UNDERWATER OPTICAL

SENSOR NETWORKS

In the centralized sensor network based on UW-OCDMA,
each sensor employs its assigned OOC to encode and transmit
its measured data to the nearby OBTS which may be located
relatively far away from them. Communicating directly with
the OBTS is practically impossible for these little battery-
powered sensors. To overcome this issue, we can insert one or
more relays in a serial configuration to collect sensors’ data
from a shorter distance. In other words, serial relaying is an
attractive candidate for broadening communication coverage
for limited-power transmitters. Furthermore, since degrad-
ing effects of absorption, scattering and turbulence rapidly
increase with the communication distance, serial relaying or
multi-hop transmission can be employed to considerably mit-
igate the channel impairments. Although different schemes
such as decode-and-forward (DF) can be applied, to simplify
relays structure, chip detect-and-forward (CDF) algorithm,
which is a promising technique in OOC-based OCDMA
systems, can be adopted in relay nodes. In this scheme, the
relay node first decides on the presence or absence of each
chip; and then forwards the detected chip to the OBTS for
further analysis [33]. Note that the first relay Ry, has relatively
wide field of view (FOV) to receive optical signals from all
sensors; therefore, CDF process in this node is affected by
multiple access interference (MAI). However, exploiting chip
level detector with hard limiter can substantially reduce this
interference [34].

In order to analyze the end-to-end BER of relay-assisted
UW-OCDMA network, we assume that the transmitted bit
is “1” if all detected chips are “ON” and otherwise we
recognize “0” as the transmitted data bit [34]. Furthermore,
we assume that ISI has a negligible effect on the system
performance [29]. In this case, conditional error probabilities
when bits “0”” and ““1”° are sent can respectively be charac-
terized as follows;

w
Poe(110, 1,6, ) = [ | P2.,,(110. 1. @, H). (14a)
g=1
w
PoelOI1 1,6 ) = 1= [T [1= P9 01,08, ),
q=1
(14b)

in which H is the fading coefficients vector and @ =
(a1, 002, ..., o) is the interference pattern occurred on the
pulsed mark chips of the first user’s OOC, where o, is
the number of interferences on the gth pulsed mark chip
of the desired user’s OOC. Besides, / is the total number
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of interferences that occurred on all chips of the desired

user, i.e., [ = Z;V:] 4. Moreover, PEZ)—eZe(HO’ I,&, H) and
PZZ)_E%(OH, l,a,H ) are conditional end-to-end chip error

rates on the gth transmitted chip of the desired user for
“OFF” and “ON”’ states, and can respectively be calculated
as follows [29];

N+1
PO (00, La H)y=1-]] [1 — P 10,1, &, iz(’))],
i=1

(152)
N+1 .
P O 1 = 1= [ 1= P2 011,65
i=1
(15b)

where 7 is the ith hop fading coefficient and N is the number
of intermediate relays. Based on Egs. (14) and (15), we should
first determine the chip error rate (CER) of each intermediate
hop for “OFF” and “ON” states, i.e., PV (1]0,,&, h?)
and PEZ)_Z.(0| 1,1, &, hD), respectively.

Since chip detection process during uplink transmis-
sion to the first relay is affected by MAI, CER analy-
sis for the uplink transmission to the first relay differs
from the other hops CER analysis. Assuming the neg-
ligibility of signal-dependent shot noise and considering
all users with the same chip power of P, and all addi-
tive noise components, i.e., background light, dark current
and thermal noise with Gaussian distribution [18], [35],
the integrated current of the first relay’s receiver during
uplink transmission can be expressed as follows;

1 w
o= ()
- —)
_ RPT, [hg{;bg%g}m : ]w (16)

in which T, is the chip duration time and R = ng/hf is
the photodetector’s responsivity, where 71, ¢, h, and f are
the photodetector’s quantum efficiency, electron’s charge,
Planck’s constant and the optical frequency, respectively.
71(11)1 and Lﬁli are the fading coefficient and the aggregated
channel loss (due to absorption and scattering effects) of
the first hop from the desired user to the first relay, respec-
tively; and # = (1,1,...,1) is a W-dimensional all-one
vector. Moreover, _,3>(1 is a vector with length W where its

gth element ﬁ;l) is the weighted sum of ¢, independent log-

normal RVs, corresponding to the sum of interfering users’
fading coefficients, i.e., ,8[(11) = Dnea, Lg;h;ll) in which
hflll) and L,(llg are respectively the fading coefficient and the
aggregated channel loss of the first hop from the nth user to
the first relay, and A specifies the set of «, interfering users
on the gth chip. Additionalty, 77 = (..., (. ..., v{"

is a vector with W uncorrelated Gaussian distributed elements
each with mean zero and variance G%C corresponding to the

integrated combined noise components over 7, seconds [18].
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Assuming the availability of perfect channel state informa-
tion (CSI),! the receiver adopts its threshold value as O =
RPCTCﬁ(ll)lLfli /2 for chip detection process. Therefore, the
first hop;s CER during uplink transmission can be obtained
as follows;

PE a0, 1,6, 1Y, 8P

ce—1

=Pr(3\” > or)’ = 0.4 7). 5)
=Pr (" > O — RP.TOIL &, K. B))

ReT [ L2 - B
=0 ) (17)

oT,

¢

PO, 1 a i), g0

ce—1
R [0 2+ 6]
=0 , (18)

or,

c

where QO (x) =
Gaussian-Q function.

For the other hops, either during uplink or downlink trans-
mission, MAI does not affect the chip detection process.
Moreover, MAI of the synchronous downlink transmission
can be eliminated when the number of concurrent users sat-
isfy the condition M < £ + 1 [26]. Therefore, CERs of the
remaining hops of uplink transmission as well as all hops of
downlink transmission can similar to Eqs. (17) and (18) be
obtained as follows;

(1/4/27) [ exp(—y?/2)dy is the

pMAI—free) (10, ]j’l(i)) _ P(MAI—free)(OH, ;l(i))

ce—q ce—q

RP.ThOL®
=Q<‘2‘— . (19
OT.

in which L® is the ith hop aggregated channel loss.
Finally, (17)-(19) can be applied to (15) to obtain the end-
to-end conditional CERs and the result can then be applied
to (14) to achieve both the up-and downlink end-to-end
conditional BERs of relay-assisted UW-OCDMA network.
Moreover, the final BER can similar to [29] be obtained by
averaging over fading coefficients and interfering patterns.
Figure 6 shows the the end-to-end BER of relay-assisted
UW-OCDMA network for both up-and downlink transmis-
sions. As it can be seen, MAI limits the uplink transmis-
sion BER to a predetermined bound while the absence of
MALI allows the downlink BER to monotonically decrease
with increases on the transmitted power. Moreover, beneficial
application of multi-hop transmission is obvious from theses
figures; as the number of intermediate relays increases the
end-to-end system performance considerably improves.

2) DISTRIBUTED UNDERWATER

OPTICAL SENSOR NETWORKS

Distributed sensor network is a collection of mobile and fixed
sensors each of which has sensing, receiving, transmitting

IThis is a feasible assumption due to the large coherence time of the
channel (on the order of 1073 to 1072 seconds [13]).
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FIGURE 6. Analytical and simulation results for uplink and downlink BER
of the underwater optical network employing multi-hop transmission in
clear ocean channel. N denotes the number of equidistant intermediate
relays and simulation parameters are chosen as follows: extinction
coefficient ¢ = 0.151 m~1, number of users = 5, end-to-end distance

ro =90 m, bit rate Ry, = 2 Mbps, 00C code length F = 50, 00C code
weight W = 3, 00C’s maximum cross-and autocorrelation p = 1,
log-amplitude variance of fading 52 = 0.17 (in a 90 m link) and

effective diameter of receiver aperture Dy = 20 cm.

and computing capabilities. Such networks are capable of
self-deployment; i.e., starting from some compact initial con-
figuration, the nodes in the network can spread out such
that the area covered by the network is maximized. In this
scheme, the OOC-encoded data produced by a source sen-
sor is relayed with intermediate sensors until it reaches the
OBTS. Deployment of these sensors in our UW-OCDMA
network eliminates the need for intermediate relay nodes, but
increases the complexity of the sensors’ structure.

The cellular UW-OCDMA network can also be designed
to be compatible with developed underwater acoustic sen-
sor networks. Underwater acoustic communication suffers
from inherently limited bandwidth, severe multi-path fading,
and considerable propagation delay. However, acoustic wave
propagates tens of kilometers in underwater medium. There-
fore, underwater acoustic sensors can be deployed in our net-
work far away from OBTSs. In this regard, we need to design
an acoustic-to-optical converter to make the communication
possible.

IV. POSSIBLE DESIGN CHALLENGES IN

CELLULAR UW-OCDMA NETWORKS

In this section, we primarily discuss possible challenges in
implementing cellular UW-OCDMA networks such as block-
age avoidance, cell-edge coverage, power control, and limi-
tation in total number of users. Then, we present appropriate
solutions to address these challenges.
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A. BLOCKAGE AVOIDANCE

In certain underwater areas, we may need a real-time com-
munication while there is not any line of sight (LOS) link to
any of OBTSs; therefore, the moving and floating obstacles
in water should be taken into consideration. Sea creatures and
other users may block the link between the MUs and OBTS
and disturb the connection. Since the movement in water is
slow, these obstacles may be disturbing. In such cases, relay
nodes can be employed with comparatively simple infrastruc-
ture to provide a reliable communication link between MUs
and the nearby OBTS, as shown in Fig. 7(a). During uplink
transmission, the MU transmits its signal to the relay, Ry,
which is located in LOS with both OBTS and MU. The relay
R applies specific processes (e.g., amplification, detection,
or decoding) on the received signal and then forwards the
processed signal toward the OBTS. Reverse strategy can be
adopted for downlink transmission. Furthermore, to achieve
better performance, more relay nodes (e.g., R> in Fig. 7(a))
can be employed to form a parallel relaying configuration.
In this scheme, all relays can receive the same signal from
OBTS and transmit them to the MU; or when the channel
state information (CSI) is available at the OBTS, the relay
with the most reliable channel can be selected.

FIGURE 7. (a) Blockage avoidance scenario; (b) cell-edge coverage
concept.

B. CELL-EDGE COVERAGE

One of the most important issues in designing a cellu-
lar network is how the network can cover cell-edge users
suffering from low received signal to noise ratios (SNRs).
A promising approach is that all the neighboring OBTSs,
which have relatively the same distance to the cell-edge
MU, simultaneously transmit optical signal to the MU in
order to form a multiple-input single-output (MISO) con-
figuration (see Fig. 7(b)). Since different links can be con-
sidered as independent parallel channels, deployment of
multiple transmitters can substantially improve the sys-
tem performance, particularly for highly turbulent channels.
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However, it requires perfect synchronization strategy among
OBTSs to transmit data with appropriate time delays.

It can be shown that the conditional BER of multiple-
input multiple output (MIMO) UWOC system with equal
gain combiner can be expressed as [18];

(MIMO)
be|bg,H by
& b ®
Zth, — (= 1>°ZZh Z by,
Jj=li= j=li= k=—L;;

2«/ rOTy, ’

(20)

in which N; and N, are the number of transmitters and
receivers, respectively. H = (h11, .. hN,N,) is the fad-
ing coefficients vector in an N; x N, MIMO system and
{by }2:_ Li is the transmitted data sequence, where L;; inter-
prets the memory of the channel between the ith transmit-
ter and the jth receiver. Each fading coefficient is assumed

with log-normal distribution, i.e., fz,;i = exp(2X;;) where

Xjj has a Gaussian distribution with mean jx,; and variance
: T,

o)%” = —ux, [12], [36]. Moreover, yl-(;-) = R [," Tij()dt

and v} = R ["Tij(t — kTp)dt = R [T T (e,
where T} is the bit duration time, I'; j(t) = P~(t) * ho (1)
is the received optical signal from the ith transmitter to
the jth receiver, P;(¢) is the transmitted optical pulse shape
of the ith transmitter, hg;(¢) is the fading-free impulse
response of the channel between the ith transmitter and the
jth receiver (obtained from Monte Carlo simulations, in a
similar approach to [6]), and * represents the convolution
operator. Additionally, a%b is the variance of the zero mean
Gaussian distributed integrated current of the jth receiver
over each T} seconds, corresponding to the combined noise
components of the receiver [18]. Assuming the maximum
channel memory as Lma,x = max{Li1, L12, ..., Ly,n,}, the
final BER of MIMO-UWOC system can be obtained by
averaging over H (through an (V; x N;-)-dimensional integral)
as well as averaging over all 2Emax sequences for bys;

(MIMO)
P z |3

(MIMO) (MIMO) D
[Pbe\l an T PhelO,fI,bk]fH(H)dH’ (21)

where fg(f{ ) is the joint PDF of fading coefficients in H.
Furthermore, the (N; x N,)-dimensional integral in (21) can
effectively be calculated through an (N; x N,)-dimensional
finite series using Gauss-Hermite quadrature formula [18].
It is worth mentioning that in the case of negligible ISI the
average BER of MIMO-UWOC system simplifies to;

7.,
P(MIMO) Z 12 JV; J

=10
be,ISI—free /1;1 2 \/_r or,

Performance of the system employing MISO configura-
tions is simulated for two different values of log-amplitude

fa(H)dH. (22)
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variance of fading 02 = 0.01 and o2 = 0.16. The simulation
results depicted in Fig. 8 show a significant performance
improvement by increasing the number of transmitters par-
ticularly for more turbulent channels.

—=o6— SISO,Analytical
—&— 2x1 MISO,Analytical
—&— 3x1 MISO,Analytical
% - 8IS0, Num. Sim.

2x1 MISO, Num. Sim.
—%—3x1 MISO, Num. Sim.

Average BER
>

0 5 10 15 20 25 30
Average transmitted power per bit [dBm]

FIGURE 8. Analytical results along with numerical simulations for
performance of the system employing MISO configurations in coastal
water channel; extinction coefficient ¢ = 0.398 m~!, communication
range ro = 25 m, and transmission rate R, = 1 Gbps.

As another alternative, a single relay which is linked
to the nearby OBTSs through LOS can be located in the
edge of neighboring cells; and cell-edge MUs communicate
with the relay instead of the OBTSs. Then, relay processes
and transmits signal to one or more neighboring OBTSs to
form a single-input multiple-output (SIMO) configuration.
Furthermore, in the presence of CSI, the OBTS with the
best link quality can be selected to communicate with the
relay.

C. POWER CONTROL

Apart from the previous considerations, power consumption
needs to be insightfully addressed in designing the proposed
UW-OCDMA network. MUs and OBTSs often use limited
power supplies or need to reduce their corresponding costs.
Power allocation is an important issue in underwater medium
because this environment absorbs more energy in comparison
with free space or fiber optics medium. Furthermore, increas-
ing power beyond safety standards may harm underwater
ecosystem.

In the first presentation of our proposed cellular
UW-OCDMA in [28], we assumed that each OBTS trans-
mits a constant power omnidirectionally, i.e., all LEDs
mounted on OBTS are turned on to send information to
MUs, regardless of the MUs’ position in the cell. More-
over, the power allocated to each user was the same for
all MUs, no matter how the channel quality of each user
is (see Fig. 9(a)). However, this scheme is not efficient
in terms of total energy consumption. To reduce the net-
work required power, two algorithms are proposed in this
section.
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FIGURE 9. Different power control schemes: (a) omnidirectional
transmission; (b) partitioning the cell into sectors, where the number of
sectors is Ng = 6; (c) allocating power according to the users’ channel
quality, where the number of rings is Np = 3.

1) PARTITIONING THE CELL INTO SECTORS

In this algorithm, as shown in Fig. 9(b), we divide the LEDs
and photodiodes mounted on OBTS into N; sectors and only
one of these sectors will be active to communicate with
each MU. To realize this scheme, the OBTS needs to know
corresponding sectors in the cell in which each MU is located.
For this purpose, each MU sends a beacon message towards
OBTS in order to request for communication. The OBTS
determines the MU’s sector considering the fact that beacon
message was received from which OBTS sections. As the
user moves in the cell, location of the MU will be updated
and consequently active section of OBTS will change. This
scheme leads to N times reduction of power consumption
which means for six sectors, we can save 101og,(6) = 7.7dB.

2) ALLOCATING POWER ACCORDING TO

THE USER’s CHANNEL QUALITY

In this algorithm, instead of assigning equal power to all
MUs within the cell regardless of their channel quality, we
can utilize MU’s quantized channel information (QCI) to
control the transmitting power and keep the bit error rate on
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a desired value in several points in the cell, as it is shown
in Fig. 9(c). According to the MUs’ distances to the OBTS
and their channels quality, they will be divided into Ng rings
and we allocate appropriate power to different rings. The
advantage of using QCI instead of full CSI is that we can
avoid enormous complexity of instantaneous calculations at
OBTSs. The ability to change the transmission power of each
user will also allow us to allocate power according to the
requested service. For instance, those users requesting voice
services, consume less power than those requesting video
services.

-1
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-2|

10

!
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-
o

Average BER

Average transmitted power per bit by the OBTS (dBm)

FIGURE 10. Simulated downlink performance of the system employing
the second power control algorithm in clear ocean channel. It is assumed
that MUs are distributed uniformly in the cell. Simulation parameters are
chosen as follows: extinction coefficient ¢ = 0.151 m~', number of
users = 5, cell radius ry = 90 m, 00C code length F = 50, 00C code
weight W = 3, 00C’s maximum cross-and autocorrelation p = 1,
log-amplitude variance of fading depends on MUs’ distance

from the OBTS and varies between ¢2 = 0 ~ 0.14 and

effective diameter of receiver aperture Dy = 20 cm.

The performance analysis of these two algorithms with
details is explored in [37]. In simulating the second algorithm,
the power assigned to each ring guaranties that error proba-
bility in all rings is lower than the desired BER value and
it is assumed that the users are uniformly distributed within
the cell area. In Fig. 10, the performance of this scheme is
demonstrated in terms of average transmitted power per bit.
Three different schemes in Fig. 10 are as follows: allocating
equal power to all MUs (Ng = 1), dividing MUs to two, and
three rings with respect to their channel quality (Np = 2
and Ng = 3). The simulation results show a near 6dB gain
in BER = 107 when employing power control algorithm
with Ng = 3.

D. EXPANDING THE NUMBER OF SUPPORTED USERS

In the proposed cellular UW-OCDMA network, the capacity
of each OBTS, in terms of the number of covered MUs,
depends on the number of OOC codes (N.) in OCDMA
system (e.g., for OOC set (64, 3, 1) total number of codes is
N, = 10). There are two approaches for code assignment at
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FIGURE 11. (a) Code reuse in OCDMA and; (b) Wavelength/code reuse in
WDM/OCDMA-based underwater cellular network’.

the wireless front end, unique assignment of OOCs over the
network or reusing OOCs in OBTSs. In the first approach,
there is not any interference between neighboring OBTSs,
while in the second one, neighboring OBTSs might interfere
together, if they use the same code set. Although in the first
approach OBTSs do not interfere together, the capacity of the
network is limited to N.. Thus, reusing OOCs is an attractive
solution to increase the capacity of underwater cellular net-
work, however, its interference issue needs to be resolved.

In order to mitigate interference among neighboring
OBTSs, OOCs are divided into three subsets, S1, S, and S3,
and these subsets are assigned to OBTSs such that neigh-
boring OBTSs have different OOC sets. Fig. 11(a) illus-
trates the proposed OOCs assignment. In this approach,
the capacity of cellular network is %NOBTS, where NogTs
denotes the number of OBTSs. The number of channels at
the wireless front end can be further increased by integrat-
ing OCDMA with wavelength division multiplexing (WDM)
scheme (WDM/OCDMA). Let N,, denote the number of
available wavelengths in WDM system, then N,, wavelengths
are divided into three subsets, whereby the subsets are
assigned to neighboring OBTSs. In Fig. 11(b), the channel
assignment in the proposed WDM/OCDMA-based under-
water cellular network is depicted. We note that by using
WDM technique the capacity of underwater cellular network
is increased to %NCNOBTS. It is worth mentioning that in
OCDMA-based system wireless channels are identified with
0OO0Cs (C;), whereas in WDM/OCDMA counterpart each
channel is specified with wavelength/OOC pair (4}, C;).

Although WDM/OCDMA-based system provides higher
capacity, it needs more complicated hardware in both OBTS
and MU. Instead of single band transceivers employed in
the OCDMA scheme, in WDM/OCDMA counterpart, multi-
wavelength transceivers are required.
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V. CONCLUSIONS

In this paper, an overview of characteristics, potentials and
challenges of the cellular underwater wireless optical code
division multiple-access (UW-OCDMA) network based on
optical orthogonal codes (OOC) are described. The primary
aim of this network is to define a flexible, reliable and
practical framework to satisfy the military and commercial
demands of the underwater communication. It is also con-
cluded that UW-OCDMA infrastructure can be used as a
promising underwater localization specifically in area where
the presence of acoustic noise limits the conventional under-
water positioning systems. Furthermore, the application of
UW-OCDMA in underwater sensing and real time monitor-
ing is discussed. In particular, its is shown that a local far-
off sensor network can be linked to a the UW-OCDMA by
means of multi-hop transmission. Finally, probable design
challenges regarding blockage avoidance, cell-edge cover-
age, power control and limitation in network capacity are
discussed and proper strategies which can be adopted to
overcome these issues are addressed.

REFERENCES

[1] H. Kaushal and G. Kaddoum, ‘“Underwater optical wireless communica-
tion,” IEEE Access, vol. 4, pp. 1518-1547, 2016.

[2] B. M. Cochenour, L. J. Mullen, and A. E. Laux, “Characterization
of the beam-spread function for underwater wireless optical commu-
nications links,” IEEE J. Ocean. Eng., vol. 33, no. 4, pp. 513-521,
Oct. 2008.

[3] C. D. Mobley, Light and Water: Radiative Transfer in Natural Waters.
San Diego, CA, USA: Academic Press, 1994.

[4] T. J. Petzold, “Volume scattering functions for selected ocean waters,”
Scripps Inst. Oceanogr. La Jolla Ca Visibility Lab, SIOREF7278, 1972.

[5] S. Jaruwatanadilok, ‘“Underwater wireless optical communication chan-
nel modeling and performance evaluation using vector radiative transfer
theory,” IEEE J. Sel. Areas Commun., vol. 26, no. 9, pp. 1620-1627,
Dec. 2008.

[6] S.Tang,Y.Dong, and X. Zhang, “Impulse response modeling for underwa-
ter wireless optical communication links,” IEEE Trans. Commun., vol. 62,
no. 1, pp. 226-234, Jan. 2014.

[7]1 H. Zhang and Y. Dong, “Impulse response modeling for general under-
water wireless optical MIMO links,” IEEE Commun. Mag., vol. 54, no. 2,
pp. 56-61, Feb. 2016.

[8] H. Zhang and Y. Dong, “General stochastic channel model and perfor-
mance evaluation for underwater wireless optical links,” IEEE Trans.
Wireless Commun., vol. 15, no. 2, pp. 1162—1173, Feb. 2016.

[9] V. V. Nikishov and V. I. Nikishov, “Spectrum of turbulent fluctuations of
the sea-water refraction index,” Int. J. Fluid Mech. Res., vol. 27, no. 1,
pp. 82-98, 2000.

[10] O. Korotkova, N. Farwell, and E. Shchepakina, “Light scintillation in
oceanic turbulence,” Waves Random Complex Media, vol. 22, no. 2,
pp. 260-266, 2012.

[11] Y. Ata and Y. Baykal, “Scintillations of optical plane and spherical
waves in underwater turbulence,” J. Opt. Soc. Amer. A, vol. 31, no. 7,
pp. 1552-1556, 2014.

[12] H. GergekcioMlu, “Bit error rate of focused Gaussian beams in weak
oceanic turbulence,” J. Opt. Soc. Amer. A, vol. 31, no. 9, pp. 1963-1968,
2014,

[13] S. Tang, X. Zhang, and Y. Dong, “Temporal statistics of irradiance in
moving turbulent ocean,” in Proc. MTS/IEEE OCEANS, Bergen, Norway,
Jun. 2013, pp. 1-4.

[14] M. V.Jamali et al. (2016). ““Statistical distribution of intensity fluctuations
for underwater wireless optical channels in the presence of air bubbles.”
[Online]. Available: http://arxiv.org/abs/1603.04020

[15] S. Arnon and D. Kedar, “Non-line-of-sight underwater optical wire-
less communication network,” J. Opt. Soc. Amer. A, vol. 26, no. 3,
pp. 530-539, 2009.

VOLUME 4, 2016



F. Akhoundi et al.: Cellular Underwater Wireless Optical CDMA Network: Potentials and Challenges

IEEE Access

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

N. Farr, A. Bowen, J. Ware, C. Pontbriand, and M. Tivey, “An
integrated, underwater optical/acoustic communications system,”
in Proc. IEEE OCEANS, Sydney, NSW, Australia, May 2010,
pp. 1-6.

M. V. Jamali and J. A. Salehi. (2015). “Performance studies of underwater
wireless optical communication systems with spatial diversity: MIMO
scheme.” [Online]. Available: http://arxiv.org/abs/1508.03952

M. V. Jamali and J. A. Salehi, “On the BER of multiple-input
multiple-output underwater wireless optical communication systems,”
in Proc. 4th Int. Workshop Opt. Wireless Commun. (IWOW), 2015,
pp. 26-30.

J. A. Simpson, W. C. Cox, J. R. Krier, B. Cochenour, B. L. Hughes, and
J. F. Muth, ““5 Mbps optical wireless communication with error correction
coding for underwater sensor nodes,” in Proc. IEEE OCEANS, Sep. 2010,
pp. 1-4.

M. V.Jamali, A. Chizari, and J. A. Salehi. (2016). ““Performance analysis of
multi-hop underwater wireless optical communication systems (extended
version).” [Online]. Available: http://arxiv.org/abs/1603.02895

J. A. Salehi, “Code division multiple-access techniques in optical fiber
networks—Part I: Fundamental principles,” IEEE Trans. Commun.,
vol. 37, no. 8, pp. 824-833, Aug. 1989.

J. A. Salehi and C. A. Brackett, “‘Code division multiple-access techniques
in optical fiber networks—Part II: Systems performance analysis,” IEEE
Trans. Commun., vol. 37, no. 8, pp. 834-842, Aug. 1989.

F. Chung, J. A. Salehi, and V. K. Wei, “Optical orthogonal codes: Design,
analysis and applications,” IEEE Trans. Inf. Theory, vol. 35, no. 3,
pp. 595-604, May 1989.

J. A. Salehi, “Emerging optical code-division multiple access
communication systems,” IEEE Netw., vol. 3, no. 2, pp. 31-39,
Mar. 1989.

M. Jazayerifar and J. A. Salehi, “Atmospheric optical CDMA communica-
tion systems via optical orthogonal codes,” IEEE Trans. Commun., vol. 54,
no. 9, pp. 1614-1623, Sep. 2006.

B. M. Ghaffari, M. D. Matinfar, and J. A. Salehi, “Wireless optical COMA
LAN: Digital design concepts,” IEEE Trans. Commun., vol. 56, no. 12,
pp. 2145-2155, Dec. 2008.

M. Noshad and M. Brandt-Pearce, “High-speed visible light indoor net-
works based on optical orthogonal codes and combinatorial designs,”
in Proc. IEEE Global Commun. Conf. (GLOBECOM), Dec. 2013,
pp. 2436-2441.

F. Akhoundi, J. A. Salehi, and A. Tashakori, ““Cellular underwater wire-
less optical CDMA network: Performance analysis and implementa-
tion concepts,” IEEE Trans. Commun., vol. 63, no. 3, pp. 882-891,
Mar. 2015.

M. V. Jamali, F. Akhoundi, and J. A. Salehi, ‘‘Performance characterization
of relay-assisted wireless optical CDMA networks in turbulent underwater
channel,” IEEE Trans. Wireless Commun., vol. 15, no. 6, pp. 4104-4116,
Jun. 2016.

N. Fair et al., “Optical modem technology for seafloor observatories,” in
Proc. OCEANS, 2006, pp. 1-6.

J. W. Giles and I. N. Bankman, “Underwater optical communications
systems. Part 2: Basic design considerations,” in Proc. IEEE Military
Commun. Conf. (MILCOM), Oct. 2005, pp. 1700-1705.

I. Guvenc and C.-C. Chong, “A survey on TOA based wireless localization
and NLOS mitigation techniques,” IEEE Commun. Surveys Tuts., vol. 11,
no. 3, pp. 107-124, 3rd Quart., 2009.

D. B. Chu, H. T. T. Pham, N. T. Dang, and A. T. Pham, “Performance
of relay-assisted free-space optical CDMA systems over log-normal atmo-
spheric turbulence channels,” in Proc. 9th Int. Symp. Commun. Syst., Netw.
Digit. Signal Process. (CSNDSP), 2014, pp. 330-335.

S. Zahedi and J. A. Salehi, “Analytical comparison of various fiber-
optic CDMA receiver structures,” J. Lightw. Technol., vol. 18, no. 12,
pp. 1718-1727, Dec. 2000.

E.J. Lee and V. W. S. Chan, “Part 1: Optical communication over the
clear turbulent atmospheric channel using diversity,” IEEE J. Sel. Areas
Commun., vol. 22, no. 9, pp. 1896-1906, Nov. 2004.

L. C. Andrews and R. L. Phillips, Laser Beam Propagation
Through Random Media, vol. 10. Bellingham, WA, USA: SPIE,
2005.

N. BaniHassan, F. Akhoundi, and J. A. Salehi, “Adaptive power con-
trol algorithms in underwater wireless optical CDMA cellular networks,”
in Proc. 4th Int. Workshop Opt. Wireless Commun. (IWOW), 2015,
pp. 107-111.

VOLUME 4, 2016

FARHAD AKHOUNDI received the B.Sc. degree
(Hons.) in electrical engineering from Shahid
Rajaee Teacher Training University, Tehran, Iran,
in 2010, and the M.Sc. degree in electrical
engineering from the Sharif University of Technol-
ogy (SUT), Tehran, in 2012. He is currently pur-
suing the Ph.D. degree with The University of Ari-
zona (UA), Tucson, AZ, USA. From 2012 to 2014,
he was a Member of the Technical Staff of the
Optical Networks Research Laboratory (ONRL),
SUT. From 2014 to 2015, he was with the DNA Microarray Analysis
Laboratory (DMA Lab), a knowledge-based company in SUT, where he
was involved in camera-based DNA microarray scanner. He is also a full-
time Graduate Research Assistant with the College of Optical Sciences, UA.
His research interests include fiber optics, visible light, underwater wireless
optical multiple access networks, multiphoton microscopy, and fluorescence
imaging in the biosciences.

MOHAMMAD VAHID JAMALI (S’16) was born
in Talesh, Iran, in 1991. He received the B.Sc.
degree (Hons.) in electrical engineering from the
K.N. Toosi University of Technology, Tehran, Iran,
in 2013, and the M.Sc. degree (Hons.) in electrical
engineering from the Sharif University of Technol-
ogy (SUT), Tehran, Iran, in 2015. Since 2013, he
has been a member of the Technical Staff with the
Optical Networks Research Laboratory, SUT. His
general research interests are in communications
theory and optics Wlth emphasis on wireless applications. Specific research
areas include underwater wireless optical communications, mode-division
multiplexing in optical fibers, free-space optics, visible light communica-
tions, simultaneous wireless information and power transfer, metamaterials
and metasurfaces, and DNA sequencing based on optical computing.

NAVID BANI HASSAN was born in Mashhad,
Iran, in 1991. He received the B.Sc. degree in
electrical engineering from the Ferdowsi Univer-
sity of Mashhad in 2012, and the M.Sc. degree in
electrical engineering from Tarbiat Modares Uni-
versity, Tehran, in 2015. In 2015, he was a member
of Research Staff with the Sattelite Communica-
tions Division, Iran Telecommunication Research
Center (ITRC). He is currently pursuing the Ph.D.
degree with Northumbria University at Newcastle,
Newcastle upon Tyne, U.K. His research interests includes free space optics,
underwater optical communications, car-to-car optical communications, and
digital signal processing.

HAMZEH BEYRANVAND received the B.S.
degree (Hons.) from Shahed University, Tehran,
Iran, in 2006, and the M.S. and Ph.D. degrees
from the Sharif University of Technology (SUT),
Tehran, Iran, in 2008 and 2014, respectively.
He has been an Assistant Professor with the Elec-
trical Engineering Department, Amirkabir Uni-
versity of Technology, Tehran, Iran, since 2015.
He was a Visiting Associate Researcher with the
Institut National de la Recherche Scientifique,
Montreal, Canada, from 2013 to 2014. In 2012, he received the 14th Iran
National Khwarizmi Youth Award (Ranked 2 in Applied Research). In 2013,
he received the Outstanding Ph.D. Student, SUT. In 2015, he received the
Best Ph.D. Thesis Award from the IEEE Iran Section. His research interests
are in the areas of optical communications and networking, optical elastic
networks, GMPLS and SDN control planes, fiber-wireless networks, back-
haul aware 5G resource allocation, and cell planning.

4267



IEEE Access

F. Akhoundi et al.: Cellular Underwater Wireless Optical CDMA Network: Potentials and Challenges

AMIR MINOOFAR was born in Tehran, Iran,
in 1995. He is currently a Senior Student with
the Departments of Electrical Engineering, Sharif
University of Technology (SUT), Tehran, Iran.
Since 2015, he has been with Optical Networks
Research Lab (ONRL) and the DNA Microar-
ray Analysis Lab (DMA Lab), a knowledge-based
company in SUT as a member of Technical Staff.
His research interests include underwater localiza-
tion algorithms and wireless optical communica-

tion systems. He is also interested in microarray image processing.

4268

JAWAD A. SALEHI (M’84-SM’07-F’10) was
born in Kazemain, Iraq, in 1956. He received the
B.Sc. degree from the University of California,
Irvine, CA, USA, in 1979, and the M.Sc. and
Ph.D. degrees from the University of Southern
California (USC), Los Angeles, CA, USA, in
1980 and 1984, respectively, all in electrical engi-
neering. He is currently a Full Professor with
the Department of Electrical Engineering, Optical
Networks Research Laboratory (ONRL), Sharif
University of Technology (SUT), Tehran, Iran. From 1981 to 1984, he was
a full-time Research Assistant with the Communication Science Institute,
USC. From 1984 to 1993, he was a member of Technical Staff of the Applied
Research Area, Bell Communications Research (Bellcore), Morristown, NJ,
USA. He was an Associate Editor of the Optical CDMA of the IEEE
Transactions on Communications from 2001 to 2012. He is among the
250 preeminent and most influential researchers worldwide in the Institute
for Scientific Information Highly Cited in the computer science category.

VOLUME 4, 2016



