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ABSTRACT In this paper, we propose a novel hybrid network solution using optical code-division multiple-
access and free-space optics (OCDMA-FSO) to support multiple data rates and quality-of-service according
to user requirements. The proposed OCDMA-FSO network classifies users into diverse classes based on
their requirements and allows for signal transmission in a fully asynchronous manner. The new hybrid
network employs 2-D OCDMA codes as well as a variable aperture FSO receiver together with an equal
gain combining (EGC) technique. We derive completely new analytical formalisms to evaluate the network
performance in terms of average bit error rate (ABER), outage probability, effective data rate during
outages, and ergodic capacity. The derived ABER expressions are validated via Monte-Carlo simulations.
These new analytical formalisms are derived considering several atmospheric turbulence conditions such as
uncorrelated, totally correlated, and partially correlated turbulence. To model this atmospheric turbulence,
we derive the gamma-gamma (GG) distribution, which allows us to consider both the scintillation effect
and the EGC technique. Finally, we carry out a comprehensive performance evaluation of the proposed
hybrid network. Analytical results show that as the number of FSO receiver apertures increases, there is an
improvement in overall performance levels. However, the ergodic capacity exhibits minimal improvement
even as the number of FSO receiver apertures increases, regardless of the user requirements and turbulence
conditions. The proposed network is a potential solution for scenarios that demand flexibility in bandwidth
and data rate allocation.

INDEX TERMS FSO, OCDMA, BER, outage probability, ergodic capacity, turbulence, spatial diversity.

I. INTRODUCTION network resources among the users. In addition, the judicious

The innate need to exchange information has motivated
individuals to explore a variety of means and methods
to achieve these goals. Amongst several current network
technologies, passive optical network (PON) has emerged
as the dominant solution, reaching into end users’ homes
and business premises, enabling a new range of broadband
services to be delivered [1], [2]. The main reason for the
success of PON is its inherent ability to share the underlying
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allocation of PON resources is becoming of paramount
importance to support the growth in traffic demands in the
upcoming years.

Several different technologies have been developed to
support the traffic demands of today’s society. A high-
capacity PON based on optical code-division multiple-
access (OCDMA) technology can be deployed [3], [4],
[5]. Such a technology enables several users to transmit
data concurrently, and in a fully asynchronous manner by
means of a unique code assigned to each user. OCDMA
offers numerous benefits to the network, including asyn-
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chronous transmission, versatile bandwidth allocation, and
enhanced security compared to its counterparts. Compared
to traditional multiplexing techniques such as time-
division or wavelength-division multiplexing, CDMA
offers enhanced flexibility in allocating bandwidth. It is
also a statistical multiplexing technique that supports
multiple data rate transmissions at the physical layer.
Whilst OCDMA-based PON may be the optimal tech-
nology for future access networks, its deployment is
restricted by geographical challenges, limited optical fiber
deployment, and site access rights limitations, among
others [4], [6].

An alternative approach to tackling these challenges relies
on free-space optical (FSO) technology, which has recently
emerged as an alluring and economical strategy to offer
secure, high-speed transmission in regions where fiber infras-
tructure is inadequate or absent. FSO communications benefit
from unregulated bandwidth available in optical frequencies,
enabling data rates as high as those in PON [7], [8], [9].
Consequently, successful implementation of FSO systems
occurs in not only access networks but also cellular fronthaul
[4] and backhaul [10], along with various other intriguing
scenarios [8], [11].

As societal needs evolve, next-generation networks such as
6G will require higher capacity, data rates, and lower latency,
to name but a few [12], [13]. In the future, networks will
support similar uplink and downlink capabilities, particularly
in terms of bandwidth. Combining FSO and OCDMA
technologies delivers a practical solution for deploying access
networks in remote geographical areas, where fiber infras-
tructure is absent [14]. Furthermore, hybrid OCDMA-FSO
systems have the ability to enable next-generation networking
capabilities, including increased bandwidth, higher data rates,
and full symmetrical operation. The fact that dedicated
optical signals are used for the users allows for statistical mul-
tiplexing gain, which is desirable when bursty traffic occurs.
Additionally, OCDMA allows users to access and transmit
data asynchronously in the network. Similarly, FSO provides
asynchronous data transmission and support for bursty
traffic. This effective solution, employing OCDMA-FSO
technology, achieves high-speed and secure transmissions
while retaining the asynchronous transmission feature of both
technologies.

An OCDMA-FSO solution was investigated in [14].
However, it relies on a fixed bandwidth allocation scheme,
lacks quality-of-service (QoS) capability, and does not
support multiple data rates, resulting in all users transmitting
at the same rate and QoS. An OCDMA network with support
to multiple data rates was addressed in [3]. However, the
study only concentrated on optical fiber networks and did
not encompass FSO technologies. In contrast, [15] evaluates
the performance of an OCDMA network in varying weather
conditions and atmospheric turbulence levels. The network
uses a fixed bandwidth allocation scheme without QoS
capability or support for multiple data rates. Finally, [16]
presents an experimental demonstration of an OCDMA-FSO
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network with a fixed bandwidth allocation and without QoS
provision.

A random diagonal OCDMA code set combined with
polarization-division multiplexing was used in an FSO
network in [17]. This network architecture requires precise
management of signal polarization, presenting a significant
challenge for practical application. On the one hand,
enhanced double-weight, modified double-weight, and multi-
diagonal codes are implemented in a hybrid network [18],
with the aid of machine learning to differentiate and
categorize distinct signal codes. Nonetheless, the network
has the capacity to support only a limited number of
simultaneous users. On the other hand, a 3-D code with
zero cross-correlation is proposed in [19]. Despite displaying
noteworthy levels of performance, implementation of such a
code in an actual networking scenario would be challenging.
Alternatively, diagonal permutation shift codes are used to
encode the different polarization signals of an OCDMA
network based on FSO in [20]. Unfortunately, the latter can
only accommodate a limited number of users in the system.
In addition, enhanced double-weight codes are used together
with orbital angular momentum signals in an FSO network
[21]. However, the network does not support different data
rates and the number of users in the system is small due
to the current limitations of orbital angular momentum
technology.

In this paper, we propose a new network architecture based
on OCDMA-FSO that supports resource allocation based
on user requirements. Users in the network are classified
into different classes based on their data rate and quality-of-
service (QoS) requirements. The proposed network uses a 2-
D multiweight multilength optical orthogonal code (MWML-
0O0C), and a variable aperture FSO receiver, alongside an
equal gain combining (EGC) technique. We derive new
analytical formalisms to assess the network performance,
concerning the average bit error rate (ABER), outage
probability, effective data rate during outages, and ergodic
capacity. The newly derived ABER expressions are validated
via Monte-Carlo simulations. The analytical formalisms are
derived considering FSO scenarios under different atmo-
spheric turbulence, including uncorrelated, totally correlated,
and partially correlated turbulence. The gamma-gamma (GG)
distribution, widely employed by the scientific commu-
nity, is implemented to model the atmospheric turbulence,
enabling the accounting of both the scintillation effect and the
EGC technique on the spatial diversity-based FSO receiver.
To accomplish this, the probability density function (PDF)
of the GG model, which represents the irradiance fluctuation
associated to different turbulence scenarios, is derived. Then,
we perform an extensive assessment of the proposed hybrid
network, encompassing a variety of factors, including the
length of the FSO link, apertures of the FSO receiver,
and levels of turbulence, ranging from weak, moderate,
and strong, among others. The results of the analysis show
that (i) class-1 users exhibit superior overall performance,
(i1) the overall performance levels improve with increasing
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number of FSO receiver apertures, (iii) strong turbulence
regimes significantly reduce performance levels, and (iv)
the ergodic capacity shows a slight improvement as the
number of FSO receiver apertures increases, regardless
of the user class and turbulence regime. The proposed
network is a potential solution for scenarios where flexible
allocation of bandwidth and data rates are key system
requirements.

This paper is organized as follows. Section II lays out the
hybrid network architecture as well as defines the system
model concepts that will be used later in the development
of the mathematical formalisms. Section III presents the
mathematical model that characterizes the behavior of the
received irradiance signal at the FSO receiver. Section IV
presents the mathematical procedure used to derive the ABER
and discusses its results. Section V develops various figure-
of-merits such as outage probability, effective transmission
rate in outage conditions, and the ergodic capacity. Section V
also shows and discusses the results for these metrics. Lastly,
Section VI presents some concluding remarks focusing on the
main results and new insights.

Il. FLEXIBLE OCDMA-FSO NETWORK ARCHITECTURE
In this section, the architecture of the hybrid network
that supports flexible bandwidth allocation and multiservice
transmissions is described. The flexible OCDMA-FSO net-
work proposed here is arranged in a star topology connecting
all users to the multiple access channel via optical fibers,
where each user has a transmitter and receiver as illustrated
in Fig. 1. The network consists of S-class users sharing the
same optical medium, where users are divided into classes
according to their required QoS and transmission rates [3].
In the OCDMA-FSO network, each user class s €
{1,2,...,8} has its users’ data rate defined according to its
own code length in a way that high rate users have smaller
code length, and low rate users have longer code length such
that L < Lp < -+ < Ly < -+ < Lg,and Ly = Ty/T,,
where T and T are the bit and chip period, respectively. Also,
the network supports QoS transmission through specific code
weights Wy where the larger the code weight, the higher the
QoS supported; where the code weight is associated with the
number of non-zero elements in a code. Without any loss of
generality, it is assumed that the desired user is the first user
in the desired class denoted as s". The total number of users
in the network is U = Zle U,, where Uy is the number of
class—s users. The user data bits are on-off keying (OOK)
modulated and each user transmits using an exclusive code
[22]. The 2-D MWML-OOC used here is constructed based
on both the 1-D MWML-OOC for time-spreading allocation
of a data bit, and on the prime code for wavelength-spreading
[22]. The code set is characterized by the quadruple (W, L,
Aas A¢) with unipolar (0, 1) sequences, where W, L, A,, and
A are the code weight, code length, maximum nonzero shift
autocorrelation, and maximum cross-correlation. Normally,
a code sequence has L chips and the temporal distance among
the chips can be any integer number in {1, 2,..., L - 1}.
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The total number of wavelengths in a code set is a prime
number. Wavelength permutations are carried out over the
Galois field in order to fill up a number of W chip slots. The
code set has good correlation properties with auto-correlation
and cross-relation values bounded by one at most. The
cardinality of the code is C = U +3"5_, U;. The 2D MWML-
OOC encodes the data bit in both time and wavelength
domains in a flexible way such as the weight and length of
code sequences can be chosen arbitrarily. Consequently, this
allows for (i) generation of different code lengths; (ii) a large
pool of available codes, and (iii) support for flexible data rates
and differentiated-QoS while satisfying good correlation
properties. Further details about the code construction can
be found in [22]. The OCDMA codes can be implemented
in practice by using optical delay lines and wavelength-
division multiplexing devices such as arrayed waveguide
grating [23]. Sequentially, the optical signal is encoded
by the OCDMA encoder. Then, the passive star coupler
combines the output signals of all transmitters and provides
access to the fiber channel. We consider that all optical
fiber non-idealities are appropriately compensated while
ignoring other deleterious sources [24]. Additional noise
sources such as shot, thermal, and dark current noises will
be considered and published elsewhere. Interested readers
should refer to [25] and [26] for FSO system analysis with
additional receiver noises. However, the simple superposition
of users’ signals in the star coupler produces multiple-access
interference (MAI), which is delivered to each user by the
optical splitter [27] (at the fiber channel receiver side). Next,
the combined signal is transmitted through the FSO channel,
where signal fading may occur due to atmospheric turbulence
scintillation. The latter can affect both signal intensity and
phase and consequently deteriorate the transmitted signal
[28], [29]. However, signal phase is not an issue in incoherent
networks since only the signal intensity is encoded [3],
[27]. Conversely, the FSO receiver, which employs an EGC
spatial diversity technique using up to four aperture collecting
lenses [29], collects the transmitted signal and a passive star
splitter delivers the signals to each user receiver. Finally,
the OCDMA decoder removes the temporal and wavelength
translation previously introduced in the transmitter side.
Thus, the decoded signal is sent to a photodetector and
subsequently to an OOK demodulator where the output
signal is integrated and compared to a threshold level to
retrieve the original binary data. Interested readers can
found further details about the OCDMA encoding/decoding
process in [14].

A. SYSTEM MODEL

The flexible OCDMA-FSO network uses OOK modulation
along with direct detection scheme. Thus, the normalized
received optical irradiance, I, acts as a random variable
since it is affected by the effect of the turbulence-induced
fading. The received optical power in the OCDMA receiver
followed by the FSO link suffers from a fluctuation in the
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FIGURE 1. Architecture of the flexible OCDMA-FSO network connecting all users in a star topology via optical fibers and a FSO link. Tx:

transmitter Rx: Receiver.

signal intensity due to atmospheric turbulence, MAI, and
shot noise caused by the ambient light. In this case, the shot
noise can be modeled to high accuracy as an additive white
Gaussian noise (AWGN). Then, the receiver collects a portion
of the transmitted optical field (measured in its responsivity
parameter), which is focused onto a photodetector surface.
Accordingly, the instant photocurrent at the detector output
in the OCDMA receiver followed by the FSO channel is
given by

y&)=R-I(Pr(1) + 1) + N(@), ey

where I represents the normalized turbulence-induced fading
coefficient, i.e., the effect of the intensity fluctuations on
the transmitted signal. It is worth mentioning that I is
a random variable with statistical average E[/] 1,
which includes the refractive and diffractive effects of the
atmospheric turbulence cells. R is the detector responsivity
assumed here as 1, and Pr(¢) is the transmitted optical
power. Pr(t) has a deterministic value, which includes the
atmospheric loss. In addition, I; represents the total MAI
(in units of power) given by the sum of the interferences
from all users, and N(¢) is the detector noise current at the
receiver, which is assumed as AWGN with zero mean and
variance a,%,. Under the absence of turbulence, the signal-to-
interference-plus-noise ratio (SNIR) of the OCDMA channel
at the receiver for each user class-s € {1,2,...,S} is
expressed as

wy

= T 5
02—}—0[%,,

Vs0 (2)
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where Wy is the code weight, 01%,, is the AWGN generated
solely in the OCDMA channel, and o represents the
MALI variance. Next, and considering now the effect of the
atmospheric turbulence, since the MAI term is affected by 7,
o2(I), then the SNIR in (2) can be approximated by averaging
the noises over atmospheric turbulence in the way proposed
in [30] and [31] as
2

s/

<o2)>+ <o} >

Yso) =~ 3
where < > is the average over turbulence, and where
o2 includes, not only the AWGN in the OCDMA channel,
Oxrs but also other sources affecting the FSO link, with
the shot noise (al\z,m) being the most important one. In this

respect, we assume a shot noise limited system as in [32]
and thus, we have ignored background illumination, circuit,
and thermal noise, so 01\2, =02, + cr]%,m, where the received
power fluctuations in the signal induced by the atmospheric
turbulence become, in addition, a contributor to the detector
shot noise. Furthermore, < o2(I) >= ¢2 = (U — DP(1 —
P) > cr}%,, since < I >= 1 was assumed, where U represents
the total number of simultaneous users, and P denotes the
multirate probability of interference between the desired user

and an interfering user defined as

s
P:Z(
s=1

Nj is the number of interfering users in class-s, p,y is the total
probability of interference caused by a code of class s on a

Nspss’
4
U 4)

_1)'
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code of class §', i.e. pgy = W;Wy/(2LsF); where L is the
code length associated to class-s, and F is the total number
of available wavelengths. Next, the shot noise as an AWGN
is taken into account, due to the ambient light affecting the
transmission in the FSO link. Then, from (1), the electrical
SNIR associated to the user class-s at the receiver can be
directly obtained as in [33, Eq. (1)] as follows

= (RD*y5(I) = yol?, )

where y;o(/) is the approximation for the received SNIR for
class-s in the absence of atmospheric turbulence, as defined
in (3), with y9p = Rzyso(l). We assume R = 1 and,
consequently, yo = yso(/) for the sake of simplicity.

1ll. SPATIAL DIVERSITY: CORRELATED SCINTILLATIONS
Even though the flexible OCDMA-FSO network has several
advantages such as wise use of the available bandwidth,
it also faces channel impairments. Atmospheric path-loss,
turbulence-induced fading (usually called scintillation), and
blockage are examples of such impairments that can limit
up to a few kilometers the propagation path length [34].
Nevertheless, the most deleterious atmospheric effect is
produced by random changes of the medium refractive index
along the propagation path. This effect known as atmospheric
turbulence leads to the appearance of random fading intervals
in the received optical irradiance. This performance degrada-
tion is deduced from the probability density function (PDF) of
the irradiance. The gamma-gamma (GG) model [35] has been
widely used to model the turbulence induced fading in FSO
links due to its mathematical tractability, which considers
the optical scintillation as a conditional random process [28],
[32], [35], [36].

An attractive solution to mitigate the degrading effects
of atmospheric scintillation is the use of spatial diversity
reception [37], [38]. Spatial diversity in direct detection
systems is an alternative to large-aperture receivers as it is
based on an array of small aperture receivers. The small
apertures are spatially separated by a sufficient distance so
that they are statistically independent. Nonetheless, for this
assumption to hold true, the spacing between receivers should
be greater than the fading correlation length.

The performance evaluation of these scenarios requires
the correlation among sequences of scintillation to be
incorporated into the GG PDF [29] in such a way that
the received optical irradiance can be expressed as a sum
of individual contributions received by each single receiver
aperture. It is assumed that the same large eddies affect
the signal received by the N receiver apertures. Hence, the
large-scale scintillation-component is a common contribution
for all of them, ie., X; = X,V¥Vi = 1...N, with X
following a gamma distribution with parameters o, and
1/ay. In contrast, the diffractive small-scale turbulence
effect ¥; depends on each aperture, although it is assumed
that each Y; is identically distributed and characterized by
i = aand B = B = 1/(Na) as a normalized
optical irradiance, I = X Zf\;l Y; = XV is considered.
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Accordingly, the irradiance GG PDF, fj(I), consists of a
double stochastic scintillation theory, which assumes that
small scale irradiance fluctuations are modulated by large-
scale irradiance fluctuations of the propagating wave [29].
Then, the correlation matrix of the photodetector with up to
four apertures following an exponential correlation model,
a lineal equidistant photodetectors array [39], can be built as

1 ,011 02 P3
il R ®
o3 e p1 1
where p; is the correlation coefficient that depends on the
distance between receiver apertures and the correlation length
of irradiance fluctuations. The way to obtain the correlation
length as a function of the atmospheric scintillation is defined
in [38, Eq. (7)]. Moreover, [38, Egs. (11) and (15)] presents
how to calculate the correlation coefficient for the irradiance
fluctuation and the small-scale correlation coefficient of Cy,
respectively.

Thus, the V PDF can be calculated by applying the
Moschopoulos theorem according to [29] and [40]. Next, the
statistical distribution of the total received irradiance, I, can
be directly obtained by averaging the PDF of V (seen as
a conditional one) over the PDF of the gamma distribution
characterizing the variable X . Since « represents the effective
number of small scale turbulent eddies for each of the N
receiving channels, it is reasonable to assume o € NN,
and after some mathematical manipulations, it is possible to
obtain the PDF of the Combined received irradiance as

m— ax m+ay

Cmi —
il = det(A)]max)zz T(m) e

ol
m—0aly (2 Tz) . (7)

where {)\i}f\lz | are the eigenvalues of the matrix A = DC,
with D being a N x N diagonal matrix with entries
fori = 1...N, C =./Cy is a N x N positive definite
correlation matrix, and det(A) = Hf/: | Ai. Moreover, N’
denotes the number of different eigenvalues of matrix A and
I'(-) denotes the Gamma function, and K, (-) is the modified
Bessel function of the second kind and order v. Finally, ¢,
is a coefficient depending on / and arising from the partial
fraction expansion procedure written as

X ]ND{—

1 dei—m N’

" (g — m)! dwei

1
g
J# w=d;

1 o —m
" (a; —m)! Z . (lq ” .kN/)
1

k1+.;.+kN/=Ot,'f
i

Cmi

N/

< [T[=D5 @ —dp=7]. @®)
Jj=i
J#i
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where i means that k; is omitted. The term (« j)kj represents the
Pochhammer symbol with d; = —1/A;, ¢; is the product of the
algebraic multiplicity of the eigenvalue, denoted as pa(A;).
Finally, the set of k; coefficients arises from the multinomial
theorem given by

N
=1
N
. (k n i ) ”J('kj)’ ©)
ki+...4+kyr=n Lo BN

and they are employed after calculating the generalized
Leibniz rule, where the latter is required to obtain the
cmi coefficients. Finally, it is straightforward to obtain
uj=w—dj)~%.

Two particular scenarios can be considered from (7),
i.e., first when the scintillation sequences are completely
uncorrelated; and second when they are totally correlated.
For the first scenario, channels are considered completely
independent and the correlation matrix, Cy, is reduced to a
diagonal matrix. For this case, X ~ G(oy, By) and V =
SN Yi ~ G(Na, 1/(Na)), with ~ G(-) denoting a gamma
variate. Then the PDF of the received normalized irradiance
can be obtained as [29]

Notay
_ 2(xNa) 2 Na+ozx71
fid) = m Kyo— aX(Z\/leNOl ) (10)

The second scenario consists of receiving N totally
correlated small-scale irradiance fluctuations. Hence, V =
Zf\]: 1 Yi ~ G(a, 1/(a)). Then, the irradiance random variable
follows a classic GG distribution [35] written as

a+ax
_ 2(c ) 2 atax .
Sl = L Se o1 K, (2,/axa1), (11)

where o, and « are the large and small scale parameters.
In the next sections, we derive new analytical-closed form
expressions for evaluating the performance of the flexible
OCDMA-FSO network. We consider two user classes
affected by MAI, atmospheric turbulence, and different
correlation among channels to evaluating the network perfor-
mance.

IV. ERROR PROBABILITY OF THE FLEXIBLE

OCDMA-FSO NETWORK

The error probability is one of the most useful figures of merit
to assess a network performance. In this section, we derive
the BER expression of the OCDMA network integrated with
the FSO link. We use an OOK intensity-modulated system in
which each user transmits its assigned code sequence for data
bit ““1”” whereas no signal is sent for data bit “0”’. Moreover,
the transmitted signal is subjected to scintillation due to
atmospheric turbulence, hence the irradiance power, /, is con-
sidered a random variable with Py(e) denoting the ABER.
Assuming a Gaussian distribution for the MAI [14], then the
error probability of the OCDMA fiber channel is averaged
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over the GG PDF shown in (7) in its generic form (or
in (10) and (11) for the two particular scenarios) as: Pp(e) =
fooo PylelDfi(1)dl, with Py(ell) = Q(,/¥s) denoting the
error probability conditioning on the irradiance, y, represents
the SNIR of the OCDMA channel for each user class-s €
{1,2,...,S8}. The Q—function can be expressed in terms
of the complementary error function, erfc(-). Accordingly,
both erfc(-) and modified Bessel function used in the GG
PDFs presented in (7), (10), and (11) can be rewritten
as Meijer G functions using [41, Egs. (07.34.03.0619.01)
and (07.34.03.0605.01)]. Such expressions are therefore
rewritten as

G%:(z) (z aa—1,a — 1/2) = Jrz" lerfe(y/2); (12)
Gt (da.b) =2 %K V), (13

where G;" ;[] is the univariate Meijer’s G-function [41,
Eq. (07.34.02.0001.01)]. Thus, depending on the degree of
correlation between sequences, p, it is possible to distinguish
up to three distinct scenarios, namely, totally correlated,
partially correlated, and non-correlated channels. The first
scenario with N totally correlated small-scale scintillations
represents the limiting case for having a single-aperture
receiver. In contrast, the totally uncorrelated scenario is the
second limiting case, in which the maximum benefit from
the spatial diversity technique can be obtained. Thus, the
expressions for the ABER in these three scenarios can be
derived using [41, Eqgs. (07.34.21.0013.01)], respectively, as

o+ —1
P(e) = _r
b 473/2T ()T (oty)
8yp |lze 2-a l-ax 2-ax
=223 T2 14
« ”me2 03 (14)
2Not+ozx—l
Pnc —
b (@) = AT (N Ty
1-N 2—N l—ay 2—ay
sz’g 8& 2a 2(1’ 120[7 2a’
32\ (axNar)? 0,5
(15)
N’ o m—ox m+ocx
P[?C
b (0= 4n3/2[det(A) 1T () Z;' Z‘i F(m)(a, —m)!

§ l 22N0[ —m+o.
X
x (kl ‘CN/)

k1+.;.+kN/:Ol,'—m
i

N/
e [—20=2k)]

x 2 J#
1 1\ %k
X H|: —1)k/(a])k ( k_) :|
=1 /
J#
UL e W ETE )
X —_— J#i
Ai
8027 |A,B, C. D, 1
Gsz( 2 0.1 ; (16)
le 1)
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where the SNIR, yy, is given in (5) and
1""2]1'\]:1 [oj+ki]—Na l+zjl1 [atj+ki]—Na+m—ay

A= J#i S C= i S ,
’ ’
2+ 3 [a+kj]-Ne 2+ 300 [oj+kj ] —No+m—a
B = J#i D= J#i

In addition, recall that «, describes the 2effective number
of large-scale turbulent cells, and « is the effective number
of small-scale eddies. These parameters are defined in [32,
Chapter 12 Eq. (68)], both dependent on Rytov variance
written as o3 = 1.23 C2k7/L'/6 where C? is the refraction
index structure, which is directly related to the turbulence
strength; k is the wave number and L represents the propa-
gation path length. Thus, the variance of these parameters in
the different simulations determines the existing turbulence.

Figures 2 and 3 show the ABER performance for class—1
and class—2 users, respectively, as a function of the number
of simultaneous class-1 users. It is worth mentioning that
the Monte-Carlo simulations are performed for all scenarios
investigated in this section, and their obtained numerical
results fully agree with the analytical counterpart as shown
in Fig. 2 and Fig. 3. In the simulations, it is considered a
number of FSO receivers varying from 1 to 4 apertures, where
N = 1 corresponds to the scenario of totally correlated
channels indicated in (15). Furthermore, in order to obtain
greater benefit from the spatial diversity technique, the
photodetectors have a circular receiving area of 500 cm?.
For this area, the separation distance between the openings
of the receivers is large enough even for the case of
including 4 photodetectors, thus achieving almost totally
independent paths. Noteworthy, the correlation coefficient
values between 0 and 0.2 are used for any pair of received
small-scale sequences, while the large-scale scintillation
component is always a common contribution for all of the
N receiver apertures, as described in Section III. In addition,
for the performance evaluation, weak, moderate and strong
turbulence are considered as C2 = 4 x 10~ m=2/3, C2 =
1074 m=2/3 and C,% = 10713 m_2/3, respectively, as well
as different path lengths with L = 700 m, L = 1800 m
and L = 2500 m. Table 1 shows the values of all parameters
describing the turbulent channel. The values shown for 012 are
obtained assuming that p = 0 and X ~ G(ay, Bx) and
V = Zf\;l Y; ~ G(Na, 1/(Nw)), following the notation
of Section III, with ~ G(-) denoting a gamma variate.
In addition, the 2-D MWML-OOC parameters are listed in
Table 2, with number of wavelengths fixed to F = 19 in
all cases. The code set has good correlation properties with
values of auto-correlation and cross-relation bounded by one
at most.

Next, the ABER performance for both classes is plotted
in Fig. 2 and Fig. 3. As can be observed from both figures,
the ABER worsens as the number of simultaneous users
increases. This occurs due to the increased MAI variance, and
consequently, to the SNIR reduction. Nevertheless, when the
number of class-1 users, Uy, tends to infinity, the numerical
limiting value of all equations (14, 15, 16) tends to be
equal to 0.5. Furthermore, Figs. 2 and 3 show how sensitive
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FIGURE 2. Class-1 average BER performance versus the number of
simultaneous class-1 users for different turbulence regimes, receiver
apertures (N), and spatially correlated scintillations.

the network performance is with respect to an increase in
the fading intensity. For weak turbulence values the ABER
decreases (solid lines). For N = 1 (totally correlated
small-scale scintillations), L = 1800 and U; = 20,
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0 N=1 TABLE 1. Atmospheric channel features. The values for the irradiance
10 o e (BEF;‘a.ge‘) ‘ variance are obtained assuming p = 0.
e e e
e L C? a | « o?
w e : (m) | (m—2/3) (N=1) (N=2) (N=4)
o 4x10715 [ 50 | 47 | 0.0417 0.0309 0.0254
3 700 10714 21 19 | 0.1028 0.0752 0.0614
g 10°F 3 10~ 4 3 10.6667 04583 0.3542
@ 4x10715[10.2 |87 | 02243 0.1611 0.1296
10°%¢ E 1800 10— 55 | 3.9 | 04848 0.3333 0.2576
s 10713 | 48 | 1.2 | 1.2153 07118 0.4601
1010k L700m o C§=10"4m'2’3 4 4 % 10715 6.6 5 0.3818 0.2667 0.2091
T OM o Numericalresuts C2=10"13m 23 2500 10— 43 |25 ]0.7256 0.4791 0.3558
1012 ‘ ‘ s s s s ‘ ‘ s 10713 5.8 | 1.1 | 1.2382 0.7053 0.4389
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Numbez 0; Class-1 Users TABLE 2. 2-D MWML-OOC parameters.
a
10 ‘ ‘ ‘ N=2 Class-1 users Class-2 users
Limite FEC (BER g0 Code Code +# Users | Code Code # Users
weight  length weight  length
(W) (L1) (U | (Wy) (L2) (U2)
11 150 50 8 200 20
éw“ 10 3
i A similar behavior can be observed for class—2 users
108E 1 from Fig. 3, where the ABER performance is reduced from
39x1072t05.1 x 1074, for C2 = 1073 m=2/3 and C2? =
o L00m L ] 4 x 1071 m™2/3, respectively. The general performance
—Ltgoom e e ngmnm,zm of class—2 (Fig. 3) is more penalized when compared to
! L52200mi i ! ‘ ' i ! class—1 (Fig. 2) since the former has low—QoS. For instance,
5 10 15 Nu2m°ber onCSIass—13839rs 8 40 45 80 class—1 supports up to 28 users under the forward error
(b) correction (FEC) technique limit (see horizontal line in
0 Ned Fig. 2 indicating an ABER < 3.8 x 1073) for N = 1,
0 ‘ ;
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FIGURE 3. Class-2 average BER performance versus the number of
simultaneous class-1 users for different turbulence regimes, receiver
apertures (N), and spatially correlated scintillations.

o Numerical results

we obtain an ABER to 1.6 x 104, for weak turbulence,
C? = 4 x 10715 m~%/3. However, the ABER increases to
approximately 3 x 1072 for strong turbulence (dotted line),
Cr=10""m %3,

130038

L = 1800 and C?> = 10~'* m~2/3; however, this number
is reduced to U; = 4 users for the ABER of class—2.
Nevertheless, if the turbulence intensity becomes weaker
(C? = 4 x 10715 m~2/3), then it is possible to accommodate
all users in the error-free transmission zone when FEC is
employed, for both class—1 and class—2. It can be further
noted how the length of the FSO link influences the final
performance of the OCDMA-FSO network. We can observe
that the longer the FSO link length, the worse the ABER.
Lastly, it can be concluded that the network achieves the best
performance under the ideal case, considering the OCDMA
channel only.

V. FIGURES OF MERIT IN OUTAGE CONDITIONS

The outage probability along with the outage capacity and
the effective data rate under outage conditions are important
performance evaluation metrics. Accordingly, they are good
indicators of the performance status of a network and useful
for system troubleshooting. Thus, in this section, we derive
novel closed-form general expressions for these useful
performance metrics. The metrics are addressed considering
the same network architecture, parameters, and configura-
tion as in the previous section for the sake of analysis
consistency.
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A. OUTAGE PROBABILITY

The outage probability, denoted as P,,;, is defined as the
probability that the instantaneous SNIR, given by y in (5),
drops below a specified threshold, denoted as yy,, which
represents a limiting value above which the channel quality is
satisfactory. For received SNIR values below yy, the received
symbols cannot be successfully decoded with probability
1, and the system declares an outage. For this reason, the
outage probability gives important information on how to
maintain the instantaneous quality metrics below yy;,. Thus,
P, canbe expressed as P,y = Pr{y; < ym}. Now, using (5),
we can express the outage probability in terms of the optical
irradiance as

P(m,:Pr[1< /V”’} P[ i], (17)
Yo Yn

where ¥, = yo/ym is the normalized SNIR, and yq is
the received SNIR for the user class—s in the absence of
turbulence. According to the above definition, the outage
probability can be derived from the cumulative distribution
function (CDF) of the normalized received irradiance under
LOS blockage F(I) as

P v 1dl F ! 18
—/0 fi(Ddl = 1[\/7} (18)

This CDF function can be calculated substituting (7),
(10) or (11) into (18) so that the outage probability can be
derived for the cases of partially correlated, uncorrelated or
totally correlated scintillations, respectively. The integration
is solved in the same manner for the three cases as
follows: first, applying the equivalence between the Meijer-
G and the Bessel K functions [41, Eq. (03.04.26.0009.01)];
and second, using [41, Eq. (07.34.21.0003.01)] to solve
the resulting integral. Hence, the outage probability can
be written in a closed-form manner for the three cases
(partially, totally and uncorrelated scintillations) respectively,
as follows

m—ox m+ax

c 1 1A% o ?

Pou = [det(A)]* T (atx) 4 Z z L(m)  (a; —m)!

o —m
) z (kl kN’)

k|+.:‘.+kN/:C{,'—m

1\ %k 4
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where M = Na — "5* — aj — k;. The results obtained
via (19)—(21) are shown in Figs. 4 and 5 for different
values of turbulence conditions, degrees of correlation, and
number of FSO receivers. These figures show the outage
probability versus the number of class-1 users for class—1 and
class—2. In both figures, we have assumed the performance
limiting case as y;, = 0 dB, i.e., the required quality
target must be exactly the electrical SNIR in absence of
turbulence. Interestingly, these optical systems must work
with an electrical SNIR several dB higher than the established
ym in the absence of turbulence. Again, better results are
obtained for a higher number of FSO receivers, shorter FSO
link lengths, and weak turbulence. Thus, class—1 users show
better performance. For example, for weak turbulence ( C,% =
4 x 10~ m_2/3), with N = 4 receivers and L = 1800 m,
the outage probability for class—1 users is approximately
4 x 10~° when 40 simultaneous users are active in class—1.
This outage probability is increased to P,,; =~ 107
for class—2 users, under the same conditions. When the
turbulence intensity becomes strong (C,% = 10713 m™2/3),
the outage probability is Py, ~ 5.3 x 1073 and 1072 for
class—1 and class—2 users, respectively, which means that
the channel quality is guaranteed 99.47% and 99% of the
time, respectively.

B. EFFECTIVE DATA RATE IN OUTAGE CONDITIONS

We consider the same network configuration for the coming
analysis as the previous section for the sake of consistency.
Assuming that the instantaneous channel state information
is not known at the transmitter, the system will achieve its
maximum data rate, Ry, for the limiting case y; = yy,, given
by the outage capacity as follows

Cour = Blogy(1 + yu), (22)

where B is the received signal bandwidth. For a completely
generic behavior, we prefer to use the normalized outage
capacity given by @Om = logy(1 + ym). Hence, for R, =
é’gm, we consider that the system is not in outage and the
transmitted data is correctly received, which occurs with a
probability of (1 — Py, ). The value of yy, is typically a design
parameter based on the acceptable outage probability. Hence,
the effective data rate in outage, R, is defined as the average
rate correctly received over a large number of transmissions
(a transmission burst) [42] as follows:

Rows = (1 — P

Equation (23) is normalized as an average data rate per Hz
so that results can be easily adapted to the bandwidth of any
network.

our) 108> (1 + yin) [bits/s/Hz].  (23)
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FIGURE 4. Class-1 outage probability versus the number of simultaneous
class-1 users for different turbulence regimes, receiver apertures (N), and
spatially correlated scintillations.

Figures 6 and 7 show the effective data rate in outage
conditions for class—1 users versus the outage probability
for two representative SNIRs in absence of turbulence,
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FIGURE 5. Class-2 outage probability versus the number of simultaneous
class-1 users for different turbulence regimes, receiver apertures (N), and
spatially correlated scintillations.

o = 10 dB and y9 = 20 dB, respectively. For these
two cases, we present the behavior associated to different
link lengths and three different turbulence conditions: strong
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(C,% = 10" m~2%/3, dotted line), moderate (C,% = 10714
m~%/3, dashed line), and weak (C2 = 4 x 1071 m=2/3,
solid line) for N = 1...4 FSO receivers. We show
only the performance for class—1 users since class—2 has
a similar behavior. Here, the same conditions listed in
Table 1 are assumed, maintaining the number of available
wavelengths F = 19 for all cases. From these figures,
one can straightforwardly realize the outage probability
(the one that maximizes the effective data rate in outage
conditions) decreases with the reduction of the turbulence
intensity.

One can note from such Figs. 6 and 7 for N =
1 and strong turbulence (C,% =10"B m™% 3), that outage
rate has very small values for a small range of outage
probability due to the requirement of correctly decoding bits
transmitted under severe fading, and increases dramatically as
outage probability increases. Note, however, that these high
capacity values for large outage probabilities have higher
probability of incorrect data reception. After applying the
spatial diversity technique and increasing the number of
photodetectors considered, the system allows an increase
in the transmission rate from an outage probability value
equal to zero even for the case of strong scintillation levels.
Additionally, if a high quality target is required to achieve
a higher channel capacity, then the system is expected to
suffer a higher outage probability since P,,; = Pr{ys; < ym}.
This leads to poorer effective data rates. Furthermore, if we
compare the figures, as expected, the resulting behavior is
scaled by the yy parameter.

Finally, Figs. 6 and 7 also show that the average rate
correctly received can be maximized by finding the yy, that
maximizes R,,;. For example, for the case of weak turbu-
lence, L = 1800 m and yp = 20 dB, the maximum values
of R, are, respectively, 4.222,4.479 and 4.606 bits/s/Hz
for N = 1,2 and 4. These values correspond to an outage
probability P,,, = 0.151,0.125, and 0.112, respectively,
and, from (23), to a yy of 14.83, 15.28 and 15.49 dB,
respectively. If we consider strong turbulence represented by
the dotted line, and for the same other conditions, we obtain
Rour = 2.806, 3.274, and 3.656 bits/s/Hz corresponding
to Py = 0.417,0.307 and 0.241, for N = 1,2 and 4,
respectively. Then, the resulting yy, are: 14.33, 14.05 and
14.34 dB. As a consequence, and from Figs. 6 and 7, it is
straightforward to check how, when the turbulence intensity is
harder, then he maximum average data rate correctly received
is obtained when allowing a more severe outage probability
(a less temporal availability of the link), as commented
above.

C. ERGODIC CAPACITY

We develop the ergodic capacity taking into account the
same network configuration used in the previous sections.
Generally, the outage capacity accounts for transmission
schemes that allow errors to occur in a channel, i.e., data
lost can happen during deep fades. Nevertheless, there is
also a more restrictive capacity definition, the so-called
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FIGURE 6. Class-1 outage rate versus the outage probability for different
turbulence regimes, receiver apertures (N), spatially correlated
scintillations and y, = 10dB.

ergodic (Shannon) capacity. The ergodic capacity provides
an estimation of the maximum achievable information rate
transmitted when the signal is affected by every possible
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channel turbulence effect [42]. It can be calculated by
(o)
Corg = / Blog, (1 + I »)fi(dl, (24)
0
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where B is the received signal bandwidth, f;(1) is the pdf
of the corresponding irradiance distribution model (Egs. (7),
(10), and (11)), with yy defined in (5). In this respect, it is
worth mentioning that the ergodic capacity is also referred to
as the average of the instantaneous capacity for an AWGN
channel. Hence, it should be remarked that for an ergodic
capacity, the rate transmitted over the channel is constant.
This implies that the transmitter cannot adjust its transmission
strategy based on the state of the channel. Consequently,
unfavorable channel states may lead to a reduction in ergodic
capacity, as the transmission strategy must account for them
beforehand.

Then, Equation (24) is solved for the three cases repre-
sented by Eqs. (7), (10) and (11), and to do so, we employ the
equivalences between the Meijer-G and Bessel K functions
[41, Eq. (03.04.26.0009.01)], and either the natural logarithm
[41, Eq. (01.04.26.0003.01)]. Next, we apply [41, Eq.
(07.34.21.0013.01)] to solve the resulting integral involving
the product of two Meijer-G functions. Thus, the ergodic
capacity is derived as a closed-form expression for the
three cases (partially, totally and uncorrelated scintillations),
respectively, as follows:
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where )y is given in Eq. (2) and
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Subsequently, we plot the normalized ergodic capacity as
a function of the number of simultaneous class—1 users in
Figs. 8 and 9 for class—1 and class—2, respectively, con-
sidering different turbulence conditions (strong, moderate,
and weak), and up to four FSO receivers. For the sake of
clarity and conciseness, the same network configuration as
previously considered is used here for the analysis of the
ergodic capacity. The weaker the turbulence intensity, the
closer the performance gets to the ideal OCDMA channel.
In addition, notice that the spatial diversity technique exhibits
its best performance for N = 4. This is due to the proposed
receiving area, 500 cm?, a value for which the degree of
correlation among small-scale scintillation sequences is not
very remarkable, i.e., optical receptors can be sufficiently
separated. For example, considering weak turbulence (solid
lines) and L = 2500 m (red line) for N = 1 in class—1
users, the capacity reaches around 6.01 bits/s/Hz under
30 simultaneous users, and increases up to approximately
6.2 bits/s/Hz for N =4. Finally, a higher capacity value
is associated to users belonging to class—1, i.e., to those
with higher QoS. Thus, the ergodic capacity shows the
transmission rate limit in fading channels for each turbulence
regime. However, under typical turbulence conditions, the
atmospheric channel is considered as a slow fading channel
related to the transmission rate.

VI. FINAL DISCUSSION

With the aim of providing a comprehensive analysis of all the
obtained results and with the explicit objective of elucidating
the entirety of the work carried out in this manuscript, we now
present a final discussion encompassing all that has been
outlined in Sections IV and V.

We started our analysis by deriving and analyzing the
impact of the error probability in the proposed network to
assess its performance Thus, and as shown in Figs. 2 and 3,
under strong turbulence, the network achieves unaccepted
ABER levels, even above the FEC limit. Nevertheless,
the system can accommodate all users under the error-
free transmission regime when FEC is employed, if the
number of class-1 users, Uy, is less than 28 or 4 (class—1
and class—2, respectively), L = 1800 m, under moderate
turbulence and with N = 1 receiver aperture. In contrast, all
users of class—1 and class—2 (50 and 20, respectively, see
Table 2) can technically achieve error-free transmissions for
N = 4 under the same scenario.

However, the ABER may not provide enough information
when the system is operating under fading channels, and
other different figures of merit should be considered in outage
conditions. In particular, any transmission in our proposed
scenario may be affected by turbulence-induced fading where
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FIGURE 8. Class-1 ergodic capacity versus the number of simultaneous
class-1 users for different turbulence regimes.

the received irradiance of an optical wave can be modeled as
a modulation process in which small-scale fluctuations are
multiplicatively modulated by statistically independent large-
scale fluctuations, as explained in Section III. For that reason,

130043



IEEE Access

M. Alvarez-Roa et al.: Flexible Free-Space Optical CDMA Networks

— L=1800m -
— L=2500m

C2-4x10-15m23
2 -14 _-2/3
---- C210"%m

- C2=107%m 23

Ergodic capacity Class-2 [bit/s/Hz]

o Numerical results

I I
5 10 15 20 25 30 35 40

Number of Class-1 Users
(a)
N=2

— L=1800m
— L=2500m 4

C2-4x10-15m-23
_——— 2_4n-14.,-2/3
C2=10"%m

- C2=1013m 20

Ergodic capacity Class-2 [bit/s/Hz]

o Numerical results
4.8

I I
5 10 15 20 25 30 35 40 45 50

Number of Class-1 Users

(b)

6.4 T T
— L=1800m
— L=2500m

6.2

C2=4x10-15m2/3
e e C2_q0 1423
C =10""m

- C2=1070m 28

581
56

5.4

Ergodic capacity Class-2 [bit/s/Hz]

o Numerical results

I I o,
5 10 15 20 25 30 35 40 45 50

Number of Class-1 Users

(c)

FIGURE 9. Class-2 ergodic capacity versus the number of simultaneous
class-1 users for different turbulence regimes.

the outage probability and ABER are usually combined with
both slow fading component and fast fading part. In this
respect, and from Figs. 4 and 5, the results shown in Section V
are promising, since for a moderate turbulence (C,% =10~

130044

m~2/3) represented by dashed lines, the outage probability
is as low as Py ~ 2.9 x 10~* and P,,; ~ 8.6 x 10~* for
class—1 and class—2 users, respectively, for 25 simultaneous
class—1 users, and N = 4 FSO receivers with L = 1800 m.
These values ensure that the target performance will be
guaranteed 99.97% and 99.91% of the time, for class—1 and
for class—2 users, respectively, whereas for N = 2, the outage
probabilities increase to P,,; = 7.6 X 10~%and 2 x 1073.

In terms of capacity limits, we have assumed that the
information about the statistical distribution of the fading
is known at the receiver side. Hence, we first analyzed the
effective data rate in outage conditions. In this way, the
effective data rate, regarding any fading state, must be lower
than the one defined by the outage capacity, given by (22).
This capacity is only maintained when the system is not in
outage. For example, the results in Figs. 6 and 7 show that
the effective data rate in outage conditions can be maximized
by correctly choosing the quality target, yy,, that provides
a different value depending on the turbulence conditions.
Acceptable outage rate occurs if the outage probability
is intentionally high, and when very strong turbulence
conditions are affecting the system, as shown in Fig. 6 (see
dotted lines). Nevertheless, the allowed outage probability
decreases significantly when the turbulence intensity is
reduced. Accordingly, for weak turbulence (solid lines), N =
2, and L = 2500 m, represented by the red line, the
maximum R, is 1.73 bits/s/Hz for P,,; =~ 0.3, i.e., the target
performance is guaranteed 70% of the time, maintaining a
normalized outage rate around 1.73 bit/s/Hz. In contrast,
under the same condition (weak turbulence, N = 2, L =
2500 and 25 users), the network achieves C,, ~ 6.26 and
5.6 bits/s/Hz for class—1 and class—2 users, respectively,
as shown in Figures 8 and 9. Therefore, for a network
with 2 FSO receivers affected by a turbulence regime given
by C2 = 4 x 107" m™%/3, and o, = 10.5, & = 3, if the
scintillations are completely uncorrelated, the transmitter
could be separated from the receiver by a distance of up to
4.2 km with error-free transmissions. This can be achieved
with Pyy= 2.9 x 10~* and 4.7 x 10~ for class-1 and
class-2 users, respectively, and considering up to 50 class-1
simultaneous users, which renders an availability of 99.97%
of the time.

VII. CONCLUDING REMARKS

In this work, we have extensively analyzed the performance
of a flexible hybrid OCDMA-FSO network under gamma-
gamma turbulence-induced fading. The proposed network
allows users to transmit in a fully asynchronous manner and
their signal bandwidth is used according to their required
transmission rate. The users’ transmitted signal is collected
by multiple FSO receivers using an EGC spatial diversity
technique. We have derived new analytical closed-form
expressions to evaluate the network performance in terms of
ABER, outage probability, effective data rate under outage
conditions and ergodic capacity. The degree of correlation
among FSO receivers is one of the main performance limiting

VOLUME 11, 2023



M. Alvarez-Roa et al.: Flexible Free-Space Optical CDMA Networks

IEEE Access

factors of the network, so we have considered a range large
enough to show the positive impact of the spatial diversity
technique on performance. However, the network is also
severely affected by the intensity of turbulence. Interested
readers are referred to [38] for further details on the effect
of atmospheric correlation on FSO systems.

Research into hybrid OCDMA-FSO networks is currently
experiencing a phase of growth, presenting numerous
prospects for future exploration. Several techniques can be
explored to improve spectral efficiency, a key factor in the
deployment of OCDMA-FSO networks, enabling a larger
user pool and higher data rates. One such approach is adaptive
modulation, which allows the signal modulation to be
adjusted in response to communication channel conditions.
Alternatively, the application of machine learning techniques
for diverse network functions such as resource planning,
signal recovery, digital coding, equalization, and interference
mitigation, presents another avenue for research. In addition,
a future implementation could involve the incorporation of
spatial diversity into the FSO transmitter, creating a multiple-
input multiple-output system. Such an enhancement would
potentially improve channel capacity, spectral efficiency, and
signal quality.
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