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Abstract: In this paper, we propose a new hybrid network solution based on asynchronous
optical code-division multiple-access (OCDMA) and free-space optical (FSO) technologies
for last-mile access networks, where fiber deployment is impractical. The architecture of the
proposed hybrid OCDMA-FSO network is thoroughly described. The users access the network
in a fully asynchronous manner by means of assigned fast frequency hopping (FFH)-based
codes. Inthe FSO receiver, an equal gain-combining technique is employed along with intensity
modulation and direct detection. New analytical formalisms for evaluating the average bit error
rate (ABER) performance are al so proposed. These formalisms, based on the spatially correlated
gamma-gamma statistical model, are derived considering three distinct scenarios, namely,
uncorrelated, totally correlated, and partially correlated channels. Numerical results show that
users can successfully achieve error-free ABER levels for the three scenarios considered as
long as forward error correction (FEC) algorithms are employed. Therefore, OCDMA-FSO
networks can be a prospective alternative to deliver high-speed communication services to
access networks with deficient fiber infrastructure.
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1. Introduction

Optical code-division multiple-access (OCDMA) has been regarded as a prominent architecture
in emerging flexible, robust and high capacity passive optical networks (PONSs) that support
integration of diversified data traffic types and increased bandwidth [1-3]. The success of
this technology is mainly due its ability of sharing the underlying network resources among
their users. As aresult, a variety of networking applications such as interactive e-learning, e-
health, video-on-demand, multiplayer on-line games, and 4K ultra HD video streaming have
now become available to a larger number of people. Notwithstanding PONs are one of the
most successful broadband access architectures being deployed worldwide, athough their
deployment in remote locations still pose some difficulties (such as geographical, site access
rights, high cost, and so on).

On another note, free-space optical (FSO) networks have been considered as an attractive
alternative to provide high-speed communication serviceswherefiber infrastructure deployment
isimpractical or deficient [4]. FSO communication systems have received considerable research
efforts over the past years [4-9] mainly due to their inherent potential transmission capacity
(much higher than that offered by radio transmission technologies). Furthermore, their narrow
beam widths along with their license-free operation (as opposed to license paid microwave
systems) make FSO systems appropriate candidates for secure, high-datarate, and cost-
effective wide-bandwidth communications. However, both atmospheric turbulence-induced
fading (usualy called scintillation) and strong path-loss constitute the major impairments
associated to those links, limiting the application of FSO communication systems to short-
range links. Several techniques have been proposed in the literature to mitigate these issues,
such as tempora diversity [10], wavelength diversity [11] and spatia diversity [12, 13].
However, wavelength diversity techniques are considered less effective for atmospheric optical
communication systems since turbulence on link performance remains almost unchanged for all
optical wavelengths [11]. Whilst temporal diversity usually requires alonger signal processing
time. Hence, spatial diversity becomes an attractive candidate for FSO communication, being
one of the most commonly adopted.

Despite the propagation issues mentioned above, FSO networks have been successfully
applied in metro-access network extension [14], enterprise connectivity [6,15], last mile access
[16] and ship-to-ship and aircraft-to-ground communications [17]. More interestingly, FSO
networks become especially more attractive when combined with OCDMA networks [18-20].
Thanks to OCDMA inherent spread spectrum feature, the physical bandwidth of the medium
can be increased when multiplexing various information channels simultaneously with the use
of spreading codes. OCDMA has also severa other remarkable features, such as soft-capacity
on-demand, high scalability and support for multirate as well as symmetric bandwidth support
for up- and downlinks [1, 2, 20]. The use of coding schemes grants to OCDMA networks a
higher level of data security and asynchronism if compared to other network technologies.
Therefore, the combination of OCDMA and FSO systems not only improves the transmission
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capacity and the security level of the system, it also helps preserve the major aspect of both
technologies, namely asynchronous transmission operation. Moreover, it can be seen as a
prospective solution to deliver high-bandwidth services to last-mile access networks where the
provision of broadband technol ogies has not been feasible so far.

The first experimental demonstration of an OCDMA-FSO network was reported in [21],
proving that this technology can be successfully implemented. In fact, this approach may
become part of the well-known next-generation FSO system [4, 6, 22] which consists of
transmitting an optical beam from a fiber termination point over the atmospheric channel.
Afterwards, in the receiver side, the light will be directly coupled into an optical fiber core.
Hence, the need to convert the optical signal from electrical to optical formats or vice-versafor
transmitting or receiving through the atmospheric channel is removed. As aresult, datarates as
high as 1 Th/s and beyond are possible to achieve [15, 23].

In this paper, a novel asynchronous OCDMA-FSO network architecture based on a
FFH coding scheme is proposed as a hybrid solution for access networks. New analytical
formalisms for evaluating the average hit error rate (ABER) performance are also proposed.
These formalisms, based on the spatially correlated gamma-gamma statistical model for the
FSO link, are derived considering three distinct scenarios, namely, uncorrelated and totally
correlated (both considered as limiting cases) channels, and partially correlated channels
(usually considered a more generic case). Although the first two scenarios are a particular case
of the third, they help us to establish important parameters of this hybrid system. For instance,
the uncorrelated channel allows us to estimate the maximum possible benefit with the spatial
diversity technique, while the totally correlated channel can be thought of as a system with
solely one receiver without any spatial diversity scheme.

In addition, the new ABER expressions are validated via Monte Carlo smulations. In al
scenarios, an equal gain-combining (EGC) technique is employed for combining the received
irradiance collected in each receiving aperture lens. The ABER performance evaluation of the
OCDMA-FSO network clearly shows that for all three scenarios error-free transmission can be
achieved by means of FEC algorithms.

To the best of the authors' knowledge, this is the first report on the performance of
asynchronous hybrid OCDMA-FSO networks. This paper is organized as follows. Section 2
lays out the hybrid OCDMA-FSO network architecture featuring also the FFH coding process
carried out in the OCDMA users signals. Section 3, by its turn, describes the correlated
scintillation effects on FSO channels as well as the spatia diversity reception technique. The
analytical formalisms for new closed-form ABER expressions are derived in Section 4. Finaly,
Section 5 presents relevant results regarding the proposed network under three previously
mentioned scenarios and some concluding remarks are presented in 6.

2. OCDMA-FSO network description

One of the main purposes of this paper is to propose a new solution to geographically remote
access networks based on a combined OCDMA-FSO technology and assuming that a spatial
diversity technique is implemented in the receiver side.

Initially, regarding only the optical fiber channel of this hybrid network, the OCDMA part is
arranged in a star topology connecting all usersto the multiple access channel via optical fibers,
asillustrated in Fig. 1, where each user has a transmitter and receiver (blue blocks).

At each transmitter, as shown in Fig. 2(a), the data information bits from each user (purple
block) are on-off keying (OOK) modulated (green block) using a broadband source (grey
block). Incoherent broadband optical sources such as light-emitting diode (LED) and amplified
spontaneous emission (ASE) have low cost and are normally employed for modulation [24, 25].
Sequentially, the optical signal is encoded simultaneously in sequential time slots and digjoint
wavel ength subbands by the OCDMA encoder (orange block). Figure 2(b) shows the result of
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Fig. 1. Architecture of the hybrid OCDMA-FSO network connecting all U usersin a star
topology via optical fibers and a passive star coupler/splitter. In this Figure, Tx and Rx
stand for transmitter and receiver, respectively.

the coding stage.

Data OOK _ OCDMA
Source | =~ ~ | Modulator Encoder #1
—
Broadband
Transmitter #1 SO0 Optical  Electrical

‘ ‘ ‘ ‘ ‘ ‘ ‘ Encoded FFH Signal

time

(b)
Fig. 2. (&) Block diagram associated to the OCDMA transmitter, showing its more
important stages: the data source from each user, the OOK modul ator, the broadband source
and the OCDMA encoder. (b) OCDMA encoding process based on a MBG encoder.

Succeeding the code sequences assignment to users, the passive star coupler combines the
output signals of the transmitters and provides accessto the fiber channel asseenin Fig. 1. After
being transmitted through the OCDMA channel, the desired user’s signal arrives with multiple-
access interference (MAI) at the free-space transmitter. Here, it is considered that all optical
fiber non-idealities are appropriately compensated. Nonetheless, the simple superposition of
users signalsin the star coupler produces MAI, which is delivered to each user by the splitter
(at the fiber channel receiver side). Next, the signal is transmitted through the FSO channel,
where signal attenuation/fading may occur due to absorption, scattering and scintillation. In
fact, the turbulence-induced scintillation can affect both the signal intensity and phase, therefore
deteriorating the transmitted signal. Despiteit, the OCDMA network does not modify the signal
phase since it employs incoherent modulation and encoding techniques where the intensity of
an optical signal isencoded by unipolar codes.

Finally, at the receiver side, the FSO receiver collects the transmitted signal and a passive
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star splitter delivers the signals to each user receiver. The OCDMA decoder then removes
the temporal and wavelength translation introduced in the encoder [realigning the desired sig-
nal into a single pulse, see Figs. 3(a) and 3(b)]. After being decoded, the signa is directly
detected by a photodetector (PD), where its electrical output signal is then integrated over the
chip period (yellow block) under the suited time slot, and finally compared to a threshold level
by athreshold decision device (green block). Accordingly, after these steps the signal recovery
is finally completed. It is noteworthy that only the additional energy generated by the MAI
within the chip period at which the autocorrelation peak is formed has an impact on the overall
OCDMA network performance [2].

OCDMA PD Tc Dec1510n Recovered
Decoder #1 Threshold Data |

§ Receiver #1 Optlcal Electrical

MBG Array i

\ Desired (Recovered)Signal

OCDMA Decoder #1 J_‘_‘_“_lﬂ>m1

Fig. 3. (a) Block diagram of the OCDMA receiver employed for each user, showing its
more important stages: the OCDMA decoder, the photodetector (PD), the integrator and
decision threshold devices and, finally, the recovered data. (b) OCDMA decoding process
based on aMBG (multiple Brag grating) decoder.

It is worth mentioning that feasible photodetectors with large bandwidths for data recovery
areavailablefor practical FFH-OCDMA network deployment as described in [26]. Furthermore,
the encoders and decoders are composed of multiple Bragg gratings (MBGs)arrays [2, 27, 28].
The MBGs-based passive all-optical signal (de)coding allows practical implementation of FFH-
based OCDMA networks. The gratings spectrally and temporally slice an incoming broadband
pulse into several components generating FFH patterns according to a previously established
code sequence. The Bragg gratings produce the frequency spectrum slicing whereastheir spatial
positions produce the respective time delays. On the other hand, the wavelengths at the decoder
are positioned in reverse order with respect to the encoder in order to accomplish the matched
filter decoding function. Interested readers should refer to [27] for further details on the passive
optical FFH encoder/decoder.

Therefore, an exclusive code sequence with weight W and length L, in which each chip
signaling slot occupies one wavelength, is assigned to each user. It is worth pointing out that
in FFH-OCDMA networks changing L modifies the code weight W at the same instance [27,
29]. The total number of simultaneous users in the network isU and the chip duration of all
users' codes is assumed constant and is given by Tc = T,/L, where Ty, is the bit period. Finaly,
without any loss of generality, del eterious noise sources such as optical channel impairmentsand
time jitter are neglected since the main focus is on the MAI among the users' codes, generally
considered as the dominant noise source in OCDMA networks[1, 2].
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Fig. 4. Single-input multiple-output (SIMO) system model with a LED transmitter and N
receiver apertures. All the irradiance contributions are added following an EQG technique.

3. Atmospheric spatially correlated channels

Atmospheric optical communication networks are receiving considerable attention recently in
secure and high-speed transmissions. Normally, the propagation of the optical beam in FSO
networks is affected due to fluctuations in both intensity and phase of the waves[5], even under
clear sky conditions. Such turbulent process happens owing to the time varying inhomogeneities
in the atmosphere refractive index. By its turn, the refractive index of the atmosphere changes
as adirect consequence of temperature and pressure variations.

Consequently, a turbulent atmosphere may fade the optical beam irradiance propagated
through FSO channels [5, 12, 13]. This turbulent-induced fading, also known as scintillation,
degrades the average bit-error rate (BER), hence limiting FSO channels performance.
Nevertheless, the spatial diversity reception technique [30] can be employed to mitigate these
degrading effects since its spatial diversity redundancy enhances the FSO channel performance.
Usually, the performance degradation is evaluated viathe probability density function (PDF) of
the irradiance. Among many irradiance PDF models available in the literature, one of the most
accepted is the gamma-gamma (GG) one [5, 31], which considers the optical scintillation as a
conditional random process [5, 31, 32].

A closed-form PDF expression for the sum of correlated GG distributed irradiances (at the
FSO channel receiver side) considering both a spatial diversity reception with N apertures
and an EGC diversity technique was derived in [33]. This spatial diversity reception is also
considered here asillustrated in the FSO channel in Fig. 4.

Assuming OOK, IM/DD modulation and detection technique, and identical N aperture
receiver lenses, the received optical irradiance, |y, can be expressed as a sum of the individual
contributions received by every single receiver aperture as follows:

N
lrx = Z Irx,i 1)
i=1

Each individual contribution can be seen as a product of the irradiance ideal level that an
aperture lens would receive in absence of atmospheric turbulence multiplied by a normalized
irradiance component associated to the scintillation strength produced in the ith channel.

Without any loss of generality as well as for the sake of simplicity, the first component
is considered equal to 1. The component I;x denotes a GG random variable modeling the
normalized irradiance observed by the ith receiver. As indicated in [5, 31], a GG normalized
irradiance constitutes a modulated probability distribution function.

Accordingly, it consists of a doubly stochastic theory of scintillation, assuming that small
scaleirradiance fluctuations, ;, are modulated by large-scale irradiance fluctuations, X;, of the
propagating wave, both governed by independent gamma distributions. Then theirradiance can
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be defined by Irxi = X;Yi, where both X and Y; are defined by a gamma PDF. Further, it is
considered that the same large eddies affect the signal received by the N receiver apertures as
in [33]. Therefore, the large-scale component of scintillation is a common contribution for all
of them, i.e., X; = X,Vi = 1...N. This case reflects the most unfavourable scenario for large-
scale scintillation since the more uncorrelated the received signals are, the more efficient the
spatial diversity technique is. On the contrary, the diffractive small-scale turbulence effect ;
is dependent on each aperture, although it is assumed that all Y; will be identically distributed.
Hence, we can write Eq. (1) asfollows:

N
x=1=XYY =XV, 2
i=1

whereV = Zi'\‘:lYi, X follows a gamma distribution with parameters oy and By, denoted as
X ~% (o, Bx), andY; ischaracterized by parameterso; = ocand i = 3, i.e., Yi ~ 4 (e, §). Since
| isanormalized optical irradiance, then oy = 1/Bx and oc = 1/(Nf3), respectively. Accordingly,
E[l] =E[X]E]V] = 1. Parameters ox and a indicate the effective number of large-scale and
small-scale eddies in the propagation path length, respectively, in the same manner as discussed
in[31].

The inclusion of channel correlation implies the obtention of the PDF associated to the sum
of correlated gammarandom variables. To thisend, aN x N correlation matrix, Cy is employed,
given as;

1 p -+ pw
par 1 - pon
Cy=1 . A - 3
pN1 PNz - 1

with pj; being the correlation coefficient depending on the distance between ith and jth receiver
apertures.

As detailed in [33], by extending the Moschopoulos theorem [34] in the way proposed by
Alouini et al. [35], it is possible to obtain the PDF of V. Then, the statistical distribution of
the total received irradiance, |, can be directly obtained by averaging the latter PDF (seen as a
conditional one) over the gamma distribution characterizing the variable X.

Since o represents the effective number of small scale turbulent eddies for each of the
N receiving channels, it is a reasonable assumption to consider oo € IN, and after some
mathematical manipulations, it is possible to obtain the PDF of the combined received
irradiance as

2 N o Cri Mm-ox  MHox o1 mox OC)(I
O~ e ST e (%) @

where {4} | are the eigenvalues of the matrix A = DC, with D being aN x N diagonal matrix
with the entries B for i = 1...N, whereas C = ,/Cy isa N x N positive definite correlation
matrix. Hence, det(A) = [T\ ; Ai. Moreover, N’ denotes the number of different eigenvalues of
matrix A and T'(-) denotes the Gamma function whereas K, (+) is the modified Bessel function
of the second kind and order v. Finally, ¢y isacoefficient depending on | arising from a partial
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fraction expansion procedure, in the form:

1 doq—m N’ 1

i :(Oﬁ —m)! dwoi—m jll(w_dj)ai -
" W= ®)
1 o —m N’ ) —oi—ki
R <k1.i;.kN,> <[00 -4

|

SR /=0 —
1+ f+kN oj—m =

where i indicates that k; is omitted. On the other hand, (@)k; is the Pochhammer symbol,

di = —1/Ai, o isthe product of the algebraic multiplicity of the eigenvalue, denoted as pa(4i),

with the parameter o. Finally, the set of k; coefficients arises from the multinomial theorem

given by:

¢ ﬁu (Up+--+uy)™ Y ( n >ﬁu(k1> ©)
—_— H = 1 e N — \ ,
o \j-1 J Ki+.+ky=n ke,...kn/ i1 J

and they are employed after calculating the generalized Leibniz rule, where the latter isrequired
to obtain the ¢y coefficients. Finally, it is straightforward to obtain u; = (w—d;)~%.

4. OCDMA-FSO network performance evaluation

In this section, we derive a closed-form analytic expression for the bit error rate associated to
a combined OCDMA-FSO network taking into account both turbulence-induced scintillation
and MAI. Then we investigate the following network scenarios: totally correlated channels,
partially correlated channels and completely uncorrelated channels. We start with the error
probability of a conventional OCDMA system, which is then averaged by the PDF associated
to the atmospheric optical channel.

4.1. OCDMA BER evaluation

This subsection deals with the BER evaluation of the FFH-based OCDMA network. This
network employs an OOK intensity-modulated incoherent structure, where each user transmits
its assigned code sequence for data bit “1” whereas no signal is transmitted for data bit “0”.

There are several noise sources that affect the performance of OCDMA networks, such
as time jitter, non-linear effects, channel impairments [36], temperature variation [3] and,
certainly, MAI [37]. However, since MALI is usualy the dominant noise component in such
networks [1, 2] it is considered here as the only signal’s degradation source in addition to the
additive white Gaussian noise (AWGN). Notwithstanding the AWGN has no significant impact
on the OCDMA performance, it may degrade the hybrid OCDMA-FSO network performance
considerably due to the FSO link [8]. Thus, it is considered MAI and AWGN on the detection
of the desired user’s bit. Hence, the decision variable at the matched filter output becomes

Tc
Z:/ F(E)CL(t)dt = BW + 1, + &, @)
0

where r(t) and Cy(t) are, respectively, the received signal at the input of the decoder, and the
encoded transmitted signal of the desired user. I, denotes the total MAI given by the sum of the
interferences from al users. Finally, b € {0,1} isthe binary data, W represents the code weigth
whilst £ isazero-mean AWGN.
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The FFH-based code employed here has maximum nonzero shift autocorrelation and cross-
correlation bounded by one [2,27,29], and each interfering user contributes with only one chip
overlapping on the desired user’s code. It is assumed that transmissions among users are chip-
synchronous, which reflects the worst possible scenario for the OCDMA performance analysis
[28]. Now, the optimum threshold, i, issetto u =W+ [2], wherenn = (U — 1) & isthe MAI
mean, with U representing the total number of simultaneous usersin the network, with &2 being
the probability of interference between the desired user and an interfering user defined as &7 =
W2 /(2LF) [29], with F being the total number of available wavelengths. Then, considering that
the transmission probabilities of bits “0” and “1” are equiprobable, the BER of the OCDMA
network can be evaluated from the decision variable Z as [27]

Ry(e) =P(Z < ulb=0)-P(b=0)+P(Z < ulb=1)-P(b=1)

1 (€)
=S PZ<plb=0)+P(Z < ub=1)]=Q(VT).

where Q(+) is the well-known Q-function, ¢ is the signal-to-interference ratio (SIR) of the
OCDMA network that can be directly obtained as

W2
(U-1o02+0f’

with 62 = (U — 1) 2(1— &) denoting the MAI variance. Finaly, o3 represents the additive
white Gaussian noise (AWGN) variance characterizing . Although MAI has a binomial dis-
tribution [28], the well-known Q(-) function is utilized here because the central limit theorem
alowsthe MAI interference in single rate networks to be approximated by a Gaussian function
as long as the number of simultaneous users are large enough [2, 27]. The BER performance
analysis with additional deleterious noise sources will be published elsawhere.

€= ©)

4.2. OCDMA-FSO BER evaluation

This subsection presents the BER derivation of the hybrid OCDMA-FSO network considering
both MAI and the atmospheric channel impairment effects. Then, since the FSO network has
a random behavior related to the random turbulence conditions, it is necessary to average Eq.
(8) over theirradiance PDF |. Thus, Eq. (8) becomes a conditional on the irradiance power and,
from now onwards, is denoted as P, (€|l ). The final BER expression is considered an average
(ABER) denoted here as R,y(e). Next, it is derived new P,(e) expressions considering three
distinct scenarios based on the correl ation degree among different received irradiance sequences.
They are: (a) no correlation among small-scale fluctuations (considered the limiting case); (b)
total correlation among small-scale scintillations ( also considered as the limiting case); and
the generic case of (c) partially correlated sequences associated to the received irradiance
contributions.

4.2.1. No correlation among irradiance sequences in the FSO receiver side

When the turbulent small-scale effects associated to each channel are completely independent,
the scenario is reduced to a single-input single-output (SISO) channel with Cy becoming a
diagonal correlation matrix. In this case, X ~ %(oy,Bx) and V = XN Y ~ 4(No,1/(Na))
can be easily obtained from Eq. (2). Then, after substituting them into Eq. (4), the PDF of the
received normalized irradiance becomes [33]:

2(o4Nor)(“7™)

MNa o) | e (VNG (9

fi(l)=
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It is straightforward to note that Eq. (10) is the single GG PDF with X and V modeled by
a gamma distribution whose shape parameters are, respectively, ox and No. Subsequently, it
is desired to average Eq. (10) over Eq. (8) to finaly obtain the ABER of the OCDMA-FSO
network. Thus, the BER conditioning on |, denoted as R,(e|l ), becomes

Ro(e) = [ Rlelfi()d. (12)

Furthermore, the Q-function in Eq. (8) can be rewritten in terms of the complementary
error function erfc(-). Then, both the erfc(-) and the modified Bessel integrands can be
written asMeijer G functionsusing [38, Egs. (07.34.03.0619.01) and (07.34.03.0605.01)]. Such
expression is therefore rearranged as

Gzo (z ala1 /2> =V terfc(V2). (12)
Go2 (z a, b) =277 Ko p (2v2). (13)

One can finally derive the closed-form ABER expression, using [38, Egs. (07.34.03.0619.01)
and (07.34.03.0605.01)], as

e 7 2Na+ax—l 24 SC
P8 = o AT (N T (a) %52 ((axNooZ

where the signal-to-interferenceratio, £, is given by Eq. (9).

1-Noo 2—Na 1l-ox 2—ox 1
2727272’>7 (14)

1
0,5

4.2.2. Total Correlated Channels

This subsection deals with the BER derivation of the OCDMA-FSO network considering a
total correlated channel scenario. This scenario, which consists of receiving N totally correlated
small-scale irradiance fluctuations (in the receiver side) establishes the limiting case of the
network as in the previous subsection.

Thus, assuming that all the transmitted power is collected by N apertures, it can be easily
obtained from (2) that V = YN, Y ~ 4 (o, 1/(x)). Then, the irradiance PDF follows a classic
GG distribution [31], where ox and o are, respectively, its large and small scale parameters.
Adopting asimilar procedure asin the previous subsection, the corresponding ABER expression
becomes

_ 2a+a><71 24 8C 2, 52 % =
T 2n/Al ()T (0x) 22\ (0x0x)2 0,3

It can be noted from Eq. (15) that both cases (N totally correlated small-scale scintillations
and a single-aperture receiver) are identical. Finally, the superindex tc denotes total correlation.

Rb°(e)

1-0 2—o l—ox 2—ox 1
: ) (15)

4.2.3. Partially correlated channels

In this subsection, the closed-form ABER expression of the OCDMA-FSO network is derived
assuming partially correlated channels, which is usually the generic scenario. Then, considering
realistic correlation coefficients pjj, we can average Eq. (9) over Eq. (4) to solve Eqg. (11),
with the help of Egs. (12) and (13) and [38, Eq. (07.34.21.0013.01)]. Hence, the ABER
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corresponding to the case of partially correlation, Pbpc(e), can be written as

Mo
2 Noa 1 ATy 2 (ai—m)
[det(A)]*T (o) églnm) (0 —m)! km_%;:m_m Ke.. Ky
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(16)

5. Results and discussions

The mathematical formalisms developed in the previous section are now applied to evaluate the
performance of the OCDMA-FSO network for three scenarios, which are based on [2] and [33].

It is worth mentioning that the Monte Carlo simulations were carried out for all scenarios
investigated in this section. The numerical simulations agreed perfectly with the analytical ones
show here. Hence, they do demonstrate that the new proposed BER expressions are robust and
accurate. Thus, consider an OCDMA-FSO network employing FFH-based codes [2, 29] with
code length, code weight, number of wavelengths, and number of users given, respectively, by
W=12,L=12,F =29, and U = 29. The number of simultaneous interfering users considered
hereislarge enough so that MAI can be accurately approximated as Gaussian distributed [2,27].

For this current network configuration, the MAI variance changes from 2.69 (14 users) to
4.59 (29 users) according to the number of simultaneous users in the network. In addition, it
is considered two distinct schemes in the FSO channel, namely, a SISO channel and a single-
input multiple-output scheme employing EGC spatia diversity technique with four aperture
collecting lenses in the FSO receiver. In the latter scheme, it is assumed that the small-scale
scintillation sequences are completely uncorrelated (pij = 0 Vi # j; pii = 1). The parameters
related to the gamma-gamma FSO channel are listed in Table 1, which also includes the
irradiance variance, o7, that affects the network.

Table 1. Atmospheric channel features.

of (EGC N=4) of (EGC N=4)
o o of (N=1) (pij=0Vi#], (pii+1=0.7, pij12 = 0.5,
pii=1vi=1...N) pii =1)
10 10 0.21 0.1276 0.1799
50 50 0.04 0.0251 0.0348
100 100 0.02 0.0125 0.0173
666 666  0.003 0.0019 0.0026

The average BER as a function of the number of simultaneous usersis shown in Fig. 5. All
curves are directly obtained from Egs. (14) — (16). This figure shows that the ABER tends to
worsen as the number of simultaneous users increases. This occurs due to the increased MAI
variance and, consequently, to the SIR reduction according to Eq. (9). Nevertheless, when U
tends to infinity, the limiting values of Egs. (14) — (16) all tend to 0.5.

It can still be noted from Fig. 5 that the fading intensity variation of the FSO channel
changes considerably the network performance. When the irradiance fluctuation variance, o7,
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Fig. 5. Average BER performance associated to an OCDMA-FSO communication system
for different number of active users as well as turbulence regimes. Two limiting cases are
shown: areceiver with only one single receiving aperture lens (dotted line), and a receiver
implementing EGC with 4 aperture collecting lenses and no correlation among the small-
scale scintillation sequences (solid line). Furthermore, an example of partia correlation
with p12 = p14 = 0.7 and p13 = 0.5 is also shown. Numerical results obtained by applying
Monte Carlo simulation are also displayed (asterisk).

increases, the associated ABER decreases. For example, for the case of N = 1 (equivalent to
the case of four totally correlated small-scale scintillations), and considering U = 20, we have
obtained an associated ABER of 7.6 x 1011, for o/ = 0.003, whereas the ABER reduces to
approximately 103 when o = 0.21. But remarkably it is still within the limit imposed by a
forward error correction (FEC) technique (ABER < 3.8 x 1023, see horizontal dotted line in
Fig. 5). Therefore, even for the worst fading intensity case studied (o = o = 10), it is possible
to accommodate all usersin the error-free transmission regime when FEC is employed.

It can be further noted how the degree of correlation among channels influences the final
performance of the OCDMA-FSO network. If we focus on the limiting cases (uncorrelated
versustotally correlated small-scalefading), it is straightforward to extract the maximum benefit
of this EGC spatial diversity technique. Hence, for U = 14, areceived average BER of 7 x 10~°
and 4 x 10~° for the cases of totally correlated and uncorrelated channels, respectively, are
obtained for oy = a = 10. However, these values reduce, respectively, to 1.88 x 10~ and
3.81 x 10715 for oy, = o = 666. Nevertheless, when the number of users increases to U = 29,
the associated ABERs are 2.3 x 103 and 7.1 x 104, respective to totally correlated channels
and totally independent channels, with cy = o« = 10. On the other hand, the improvement is
less relevant for the case of o = o = 666, which resultsin aBER of 4 x 108 and 2.5 x 1078,
respective to total correlation and no correlation among small-scale scintillations. Finally, it can
be concluded from Fig. 5 that the network has the best ABER performance under theideal case,
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Fig. 6. Average BER performance associated to an OCDMA-FSO communication system
with an EGC technique in the receiver side (4 aperture collecting lenses) for different
number of active usersin the system and aturbulence regime characterized by oy = o = 10.
Three cases are displayed depending on the degree of correlation among the received small-
scale scintillation sequences: (a) total correlation (solid ling), (b) no correlation (dashed
line), and (c) partialy correlated sequences (dashed-dotted line) with p12 = 0.7, p13 = 0.5,
and py4 = 0.7.

when scintillation effects are not considered.

Subsequently, the ABER versus the SIR considering a weak-to-moderate turbulence regime
is plotted in Fig. 6 for different number of simultaneous users in the OCDMA-FSO network
(U =1,4,14 and 24). The same three previously defined scenarios are again investigated. Since
the numerical simulations agreed perfectly with the analytical results, they are not plotted in
Fig. 6 for the sake of clarity.

As can be noticed from Fig. 6, as the number of simultaneous users increases, the ABER
performance decreases for al three turbulence scenarios. The ABER performance reduction is
even more evident when the number of usersin larger than 1. For such case, considering SNR =
7 dB, for 4 simultaneous users (black lines) under the totally uncorrelated scenario, the ABER is
approximately 2.8 x 10> whereas for 14 simultaneous users (blue lines) the ABER is reduced
to approximately 5.4 x 10~4. Accordingly, if the number of simultaneous users increases to
U = 24 (red lines), the ABER decreasesto 1.7 x 1073,

Notice further from Fig. 6 that thereisan error floor in terms of ABER when more than 1 user
isactivein the network. Consequently, increasing the SNR after a certain level does not improve
the ABER performance anymore. This is a well-known phenomenon induced by scintillation,
as shown in [39, 40]. This effect is enhanced due to MAI present in OCDMA-FSO networks.
Nevertheless, all simultaneous users can still obtain error-free transmissions (ABER < 107%?)
as long as FEC (with only 7 % of overhead) [41] is employed under a SNR as low as - 1 dB.
Eventually, an ABER limit of 3.8 x 103 [41] for hard decision (see horizontal dotted linein
Fig. 6) should be adopted to implement this FEC algorithm, thus representing the error-free
transmission limit. Regarding coherent OCDMA-FSO networks, where the bit information is
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encoded in the phase of an optical signal, the ABER performance may suffer serious deleterious
effects due to phase variations, especially in the FSO channel. But thisissueis beyond the scope
of the present study and will be addressed in a future publication.

6. Concluding remarks

In this paper, we have presented and thoroughly described a hybrid solution based on OCDMA
and FSO affected by MAI and correl ated gamma-gamma atmospheric turbulence. The proposed
architecture considers that users access the network in a fully asynchronous manner by means
of assigned FFH-based codes. In addition, an EGC spatial diversity technique was employed in
the FSO receiver side. Thus new analytical expressions to evaluate the network performance of
this combined OCDMA-FSO system were derived.

We have investigated the limiting conditions for the system, which mainly depends on
the correlation degree among small-scale fluctuations in the received irradiance sequences
since large-scale component of scintillation is supposed to be a common contribution for
al of them. Consegquently, depending on that aforementioned correlation degree, we have
established two limiting cases. (a) no correlation among small-scale fluctuations, as shown in
Eq. (14); and (b) total correlation among small-scale scintillation sequences, as represented in
Eq. (15). The former condition case, considered of great interest, allows one to estimate the
maximum possible benefit of the EGC spatial diversity technique. Conversely, Eg. (15) alows
the performance investigation of the network with only one larger FSO receiver aperture. Both
eguations represent in asimple expression the upper and lower bounds, respectively, of the EGC
technique studied in this paper. In addition, we have derived a closed-form ABER expression,
Eqg. (16), for the general performance case, where the correlation coefficient between any pair
of received sequencesisfrom O to 1.

The obtained results show that both the presence of aturbulent medium and the consideration
of MAI inthe system constitute limiting factors degrading the behavior of the system in terms of
ABER. In this sense, the stronger the intensity of the turbulence, the worse the ABER expected
in the network. Furthermore, the combination of interfering users and turbulence plus MAI
induces the presence of an error floor in the system that may be impossible to overcome, even if
the AWGN power istotally removed from the system.. Fortunately, by including ahard decision
forward error correction with 7 % overhead, it is possible to recover the transmitted information
for all casesdisplayed in Fig. 6 (up to 24 usersin the system in a weak-to-moderate turbulence
regime) as long asthe SNR is at least —1 dB. Therefore, this hybrid OCDMA-FSO network is
indeed a prospective alternative to deliver high-speed communication services to remote access
networks with deficient fiber infrastructure.

Appendix: Symbols and notation

Symbol Description

A =DC

b Binary data (b € {0,1})

C N x N positive definite correlation matrix (= ,/Cy)

Cmi Coefficient from a partial fraction expansion procedure
Cy N x N channel correlation matrix

Ci(t) Encoded transmitted signal of the desired user

D N x N diagonal matrix with theentries fori=1...N
d; =—1/A

F Total number of available wavelengths

I Normalized optical irradiance
I Total MAI given by the sum of the interferences from all users
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lrxi = XYi

N/

Bx
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n
A,
Pij

u

Ha()
o2

o?

o
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Total received optical irradiance

Optical irradiance component received by the single aperturei, withi=1...N
Length of the code sequence

Number of aperture receiver lenses

Number of different eigenvalues of matrix A

Probability of interference between the desired user and an interfering user
Received signal at the input of the decoder

Bit period

Chip duration of al users’ codes

Total number of simultaneous usersin the network

= Z|N:1Y|

Weight of the code sequence

~ & (0o, Bx)

Large-scale irradiance fluctuations observed by the ith aperture and following
agammadistribution. X; = X,Vi =1...N.

Small-scale irradiance fluctuations observed by the ith aperture and following
agamma distribution.

Decision variable at the matched filter output

Effective number of small-scale cells of the scattering process

Effective number of large-scale cells of the scattering process

=1/«

=1/0x

Zero-mean AWGN

Mean vaue of the MAI (=(U — 1))

Eigenvalues of the matrix A

Correlation coefficient between ith and jth receiver apertures

Optimum threshold (1 =W + 1)

Algebraic multiplicity

MAI variance

Normalized irradiance variance

Total noise power in detector current

Signal-to-interference ratio
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