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Abstract: Radio-on-Free-Space Optical systems constitute a very attractive option for
interconnecting central base stations with remote antenna units. Nonetheless, the optical
signal propagation through the atmosphere is tremendously affected by turbulence- and
misalignment-induced fading. In the present study, we investigate the transmission of code
division multiple access signals over a free-space optical (FSO) link. The atmospheric tur-
bulence is modeled by the M (Malaga) distribution, which acts as a unifying statistical model
encompassing all the well-known distributions that have been proposed in the FSO area. In
addition, nonzero boresight pointing errors (PEs) are employed, which are described by an
accurate approximation of the Beckmann distribution. Novel mathematical expressions are
extracted regarding the average bit error rate and the outage probability of the forward and
the reverse link. Moreover, appropriate numerical results are depicted for various turbulence
and PE scenarios, along with their associated corroborative outcomes.

Index Terms: Radio on FSO (RoFSO), code division multiple access (CDMA), atmospheric
turbulence, nonzero boresight pointing errors (PEs).

1. Introduction
Radio over fiber (RoF) systems have been considered as the prominent solution for transferring
radio frequency (RF) signals from central base stations (CBS) to remote antenna units (RAUs) or
simply base stations (BS) in micro/picocellular radio architectures. However, in case the expen-
diture on installing fiber cables is high, radio-on-free-space optical (RoFSO) technology can be
utilized as a viable and alternative choice [1]. A potential RoFSO deployment in the 5G cellular
architecture is visualized in Fig. 1. A popular and well employed wireless standard is the code
division multiple access (CDMA) scheme based on the spread-spectrum technique, where multiple
users can communicate simultaneously using the same bandwidth. The cellular mobile communi-
cations standards of IS-95, IS-2000, and UMTS are based on the CDMA technology. Also, WLAN
services such as IEEE 802.11b use the CDMA technique [2]. Another point in favor of CDMA signals
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Fig. 1. A potential scenario for RoFSO deployment in the 5G cellular architecture.

is that they require less dynamic range in contrast to OFDM signals, rendering them suitable for
RoF and RoFSO links [3]. However, the multiple access interference (MAI) limits the performance
of CDMA systems [2]. Moreover, the propagation of the optical signals through the free-space
suffers from severe atmospheric-related issues including turbulence and pointing error (PE) effects
[4], [5].

Several efforts have been carried out on the application of RoFSO systems for RF signal trans-
mission and especially for CDMA signals. In [6], Bekkali et al. assumed a subcarrier multiplexed
(SCM) RoFSO link based on CDMA where the average bit error rate (ABER) metric is evaluated
over gamma-gamma fading channels. In [7], Naila et al. estimated the outage probability (OP) of
CDMA signal transmission over FSO links using an aperture averaging technique over log-normal
fading. In [8], a CDMA-based RoFSO link was theoretically and experimentally evaluated indi-
cating acceptable performance under various turbulence conditions. However, the above works
confined their study on the reverse (uplink) direction. The forward direction of a CDMA RoFSO
link was investigated in [9] with the ABER evaluation for each user, restricted though to weak
and moderate turbulence regime modelled by the Gamma distribution along with nonzero bore-
sight PE. Lastly, an OFDM RoFSO link with QAM or PSK modulation was thoroughly analyzed in
[10], where Nistazakis et al. examined the ABER and OP performance over the M-turbulence, tak-
ing account of nonlinearities related to multiple closely-spaced orthogonal subcarriers without PE
influence.

In the current paper, we investigate a CDMA RoFSO point-to-point link (P2P) in both directions of
the forward (downlink) link and the reverse link. It is vital, also, to evaluate the performance on the
forward link, since the atmospheric medium poses significant limitations on optical wireless signal
transmission. The P2P link is impaired by turbulence in conjunction with nonzero boresight (NB)
PEs. A statistical turbulence model called M (Malaga) is assumed having the additional feature of
unifying all the previous and well-studied distributions in the FSO context such as the log normal,
the gamma gamma, the K, the negative exponential, etc. [4]. Moreover, a generalized PE model
is employed, which takes account of the NB displacement of the optical beam center from the
receiver center. Along with the boresight displacement, different spatial jitters are considered for
the elevation and the horizontal axis. This mathematical tractable model is an approximation of
the Beckmann PDF and is described by a modified Rayleigh distribution [5]. Novel mathematical
expressions are obtained for the estimation of the ABER and the OP of the link.
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Fig. 2. The block diagram of the CDMA RoFSO system for both directions of the forward and the reverse
link.

2. The CDMA RoFSO Link
2.1 Forward Link

In this section, we consider the forward (downlink) CDMA RoFSO link for the distribution of K
mobile users’ signals with destination from the CBS to the RAU. At the CBS we assume a syn-
chronous transmission for the K active users (Fig. 2). In this vein, the sf,CD M A (t), which is used to
directly modulate the optical intensity of the transmitter laser diode (LD), can be expressed as [2,
Eq. (6.32)]

sf,CD M A (t) =
K∑

k=1

sk (t) =
K∑

k=1

Ck (t) dk (t) cos (ωct + φ0), (1)

where ωc = 2πfc is the RF carrier angular frequency, ϕ0 is the initial phase, dk(t) =∑+∞
m=−∞ d (k)

m PTb (t − mTb) is the user’s data stream with d (k)
m taking the binary values ±1 with equal

probability in the interval [mTb, (m + 1)Tb].The Tb is the user’s data bit duration and PTb is a rect-
angular pulse which equals unity for 0 ≤ t ≤ Tb and zero otherwise. The parameter Ck(t) is the
code sequence equal to Ck(t) =∑+∞

n=−∞ c(k)
n PTc (t − nTc) with c(k)

n taking the values ±1 with equal
probability in the interval [mTc, (m + 1)Tc] where PTc is again a rectangular pulse equal to unity in
the interval 0 ≤ t ≤ Tc and zero otherwise. The spreading factor, i.e., processing gain is defined as
G p = Tb/Tc, which determines to a certain degree the upper limit of the total number of users that
can support a given BS.

Due to the nonlinear response of the laser diode (LD), harmonics and inter-modulation (IMD)
products are generated. Thus, the transmitted optical power from the CBS to the RAU is expressed
through the nonlinear expression [3, Eq. (2.1)]

Pt (t) = P0

⎡

⎣1 +
K∑

k=1

mksk (t) + a2

(
K∑

k=1

mksk (t)

)2

+ a3

(
K∑

k=1

mksk (t)

)3
⎤

⎦ , (2)

where P0 is the average transmitted optical power, mk represents the optical modulation index
(OMI) or optical modulation depth (OMD) for each user, and α2,, α3 are the second and third-order
nonlinear coefficients. Intensity modulation with direct detection (IM/DD) is employed for the FSO
link and the received optical power at the p-i-n photo-detector (PD) input is described as [6]

Pr (t) = Pt (t) L tot I + n (t) , (3)

where L tot encompasses the total losses of the optical signal due to path loss, geometrical loss etc.,
n(t) stands for the additive white Gaussian noise (AWGN) from the air interface, while I is the total
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normalized instantaneous irradiance on the receiver side. It is given as a product of two random
variables I t and I p , i.e., I = I t I p where I t represents the normalized irradiance for the atmospheric
turbulence while I p corresponds to the PE effect.

In single-octave systems only 3rd order IMD (IMD3) products fall in the signal bandwidth. Thus,
the photo-induced current at the PD output after the bandpass filter is given as [6]

i (t, I ) ≈ I p h

⎡

⎣1 +
K∑

k=1

mksk (t) + a3

(
K∑

k=1

mksk (t)

)3
⎤

⎦+ nop t (t) , (4)

where I p h = ρL totP0I stands for the dc value of the received photocurrent, ρ is the responsivity of
the PD, and nop t is the optical link noise with power spectral density (PSD) N 0. The PSD N 0 is a
sum of three factors, two of them related to the photo-detection and are the thermal noise and the
shot noise, and the last one related to the LD relative intensity noise (RIN) [3]. Thus, N 0 is given as

N 0 = N th + N shot + N RI N = 4K B T
RL

+ 2qI p h + I p h
2 (RI N )

(
1 +

K∑

k=1

m2
k

〈
s2

k (t)
〉
)

, (5)

where K B is the Boltzmann’s constant, T is the absolute temperature, RL is the receiver circuit load
resistor, q is the electron charge, and RIN is the relative intensity noise process, which is proportional
to the square of the optical power. It is worth mentioning that we employ a new expression for the
RIN, which includes its dynamic behaviour, i.e., its dependency on the modulating signal strength
s(t) and the number of subcarriers. The validity of this expression is presented in [3, Ch. 4].

On the forward link, due to the synchronous transmission of the K CDMA signals, the MAI is
minimized. Thus, only IMD and clipping noise are significant noise sources except for the optical link
noise [3]. In [11], an expression for the variance of the IMD3 was derived. However, in this expression
MAI is taken into account due to the asynchronous transmission on the reverse link. Thus, in the
[11, Eq. (12)] the terms Ĩ 2 → Ĩ 6 consist of the quantities r k,1, r j,k, r i ,j,k , which correspond to cross-
correlation products between the code sequences of different users [12]. Since the transmission
is synchronous, orthogonality among the CDMA user’s codes is maintained and thus the cross-
correlation is zero [2]. Hence, these terms are dropped and the expression for the IMD3 in [11]
reduces to

σ2
I M D ,k = 9α2

3m6
k (K − 1) I 2

p h

128
. (6)

Along with IMD3, the clipping noise power is given from the following expression [8]

σ2
cl,k

= I 2
p h m6

k K 3

27.2
exp

(
− 1

2m2
k K

)
. (7)

In this way, the total nonlinear distortion on the forward link nN L D ,f,k is given as the sum of
the above-mentioned noise factors i.e., nN L D ,f,k = σ2

I M D ,k + σ2
cl,k . Hence, the carrier to noise plus

interference (CN I Rk) power ratio for the kth user’s signal on the forward link is evaluated as [3], [6]

CN I Rk,f (I ) =
(
mkI p h

)2

2
(
N 0B + nN L D ,f,k

) , (8)

where B is the receiver’s bandpass filter bandwidth centered at the RF carrier fc. Following the
same steps as presented in [6]–[8] and taking the average value of the total noise over the total
instantaneous normalized irradiance I, we conclude to

CN I Rk,f (I ) ≈ (mkρL totP0I )2

2
(〈N 0B 〉A V + 〈nN L D ,f,k

〉
A V

) , (9)
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with the corresponding expected value of CN I Rk being equal to

CN I Rk,f,E X ≈ (mkρL totP0E [I ])2

2
(〈N 0B 〉A V + 〈nN L D ,f,k

〉
A V

) , (10)

where E[.] denotes the average value of the total normalized irradiance, which is presented in
Section 3.

2.2 Reverse Link

On the reverse (uplink) link, multiple CDMA signals from K mobile users arrive at a specific BS
(Fig. 2), which are detected and added asynchronously. A power control mechanism is employed,
so the transmitted power from each mobile user arrives at the BS with the same power. The total
received signal sr ,CD M A (t) at the BS from K users accessing the network is expressed as [2], [8]

sr ,CD M A (t) =
K∑

k=1

sk (t − τk) =
K∑

k=1

Ck (t − τk) dk (t − τk) cos (ωct + φk), (11)

where τk is the access delay of the kth user with 0 ≤ τk ≤ Tb, dk is the data sequence, Ck the
coded waveform, and ϕk represents the initial phase shift, which is used from the kth user, plus shift
due to the access delay. In the analysis and for simplicity reasons we assume negligible additive
background noise and Rayleigh fading from the air interface. After the detection process at the BS
the total signal is amplified to reach the appropriate current level and then is used to modulate the
optical intensity of the LD.

The LD from the BS emits the optical signal that propagates through the atmospheric turbulent
medium. At the CBS the detected CN I Rk(I ) is given as

CN I Rk,r (I ) =
(
mkI p h

)2

2 (N 0B + nN L D ,r ,k)
, (12)

where all the parameters mk, I p h , N 0, and B are the same as on the forward link. The nonlinear
distortion on the reverse link nN L D ,r ,k is a sum of three factors which are the IMD3 noise, the clipping
noise given from (7) and one additional term due to the generated MAI. The IMD3 for the case of
the reverse link and the generated MAI from K-1 other active users are given through the following
expressions [8], [11]

σ2
I M D ,r ,k =

(
mkI p h

)2

2

[
α3m2

k (2K − 1) (K − 1)
8G p

+ α2
3m4

k (K − 1)
64

(
9 + 252K 2 + 300K − 648

10G p

)]
,

(13)

σ2
M A I ,k = (mkI p h

)2 K − 1
12G p

. (14)

Thus, the total nN L D ,r ,k is given as nN L D ,r ,k = σ2
I M D ,r ,k + σ2

cl,k + σ2
M A I ,k and the CN I Rk(I ) on the

reverse link, following the same methodology as presented in the previous section, is evaluated as

CN I Rk,r (I ) ≈ (mkρL totP0I )2

2
(〈N 0B 〉A V + 〈nN L D ,r ,k

〉
A V

) , (15)

with the expected value of CN I Rk,r ,E X being equal to

CN I Rk,r ,E X ≈ (mkρL totP0E [I ])2

2
(〈N 0B 〉A V + 〈nN L D ,r ,k

〉
A V

) (16)
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3. Channel Model
In the Kolmogorov theory of turbulence, the Rytov variance for plane wave propagation is given as
σ2

R = 1.23C2
n k7/6L 11/6

S . This parameter quantifies the turbulence strength. The parameter C2
n is the

refractive index structure parameter and its value ranges from 10-17 m-2/3 up to 10-13 m-2/3 for weak
to strong turbulence conditions. The parameter k = 2π/λ is the optical wavenumber with λ being the
transmitted optical wavelength and L S is the link distance. When σ2

R < 1 the irradiance fluctuations
are categorized as weak, while for σ2

R∼ 1 the irradiance fluctuations are characterized as moderate.
When σ2

R > 1 the optical signal experiences strong irradiance fluctuations and in the limiting case
of σ2

R → ∞ we have the saturation regime [13].
The closed-form expression for the combined PDF of the M-distributed turbulence with the

Rayleigh distribution PE model is derived in [14]. The modified Rayleigh distribution has the same
PDF with the only difference that the ξ and A 0 parameters are replaced by the ξmod and A mod

respectively. Thus, the combined statistical channel model for the M-turbulence with the modified
Rayleigh distribution can be derived in a similar manner, and its PDF is

fcomb,I (I ) = ξ2
mod A (ℵ or �)

2
I −1

(ℵ or �)∑

j=1

a(ℵ or �)
j

(
B (ℵ or �)

)− α+j
2

G 3,0
1,3

(
B (ℵ or �) I

A mod

∣∣∣∣
ξ2

mod + 1
ξ2

mod , α, β

)
, (17)

where G m,n
p ,q [·] is the Meijer G-function [15, eq. (9.301)]. This mathematical form is divided in two

cases which depend on the value of the β parameter. When the β parameter is a natural number,
i.e., β ∈ ℵ, then the summation in (17) becomes

∑
(ℵ) [.] =∑β

j=1 [.] and the parameters A (ℵ), a(ℵ)
j and

B (ℵ) are given through the expressions, A (ℵ) =
(
2αα/2(γβ)β+ α

2

)/(
γ(2+α)/2�(α)(γβ + �′)β+ α

2

)
, a(ℵ)

j =
(

β − 1
j − 1

)
(γβ+�′)1− j

2

(j − 1) !

(
�′
γ

)j − 1
( α
β
)j/2, B (ℵ) = αβ

γβ+�′ where
(

β

j

)
is the binomial coefficient and �(.) is the

gamma function.
In the case when β is a real number i.e., β ∈ �,the summation in (17) takes the form∑
(�) [.] =∑∞

j=1 [.] and the parameters A (�), a(�)
j and B (�) are given through the expressions,

A (�) = (2αα/2(γβ)β)/(γ(2+α)/2�(α)(γβ + �′)β), a(�)
j = (β)j − 1(αγ)j/2

[(j − 1)!]2γ j − 1(γβ+�′)j − 1 , B (�) = α/γ where (β)j rep-

resents the Pochhammer symbol.
The parameter α of the M distribution is a positive parameter and corresponds to the effective

number of large-scale eddies of the scattering process, β is a parameter related to small-scale
fluctuations, and the parameter γ is given as γ = 2b0(1 − ρ). The quantity 2b0 is the average power
of the total scatter components and ρ fulfils the inequality 0 ≤ ρ ≤ 1 and quantifies the amount of
scattering power coupled to the LOS component. Finally, �′ corresponds to the average power from
the coherent contributions and is calculated as �′ = � + ρ2b0 + 2

√
2b0�ρ cos(φA − φB ) with ϕA , ϕB

being the deterministic phases of the LOS and the coupled to LOS components [4].
Moreover, the parameter ξmod is given as ξ mod = Wz,eq/2σ mod with the parameter σmod being

equal to [5]

σ mod =
(

3μ2
x σ

4
x + 3μ2

y σ
4
y + σ6

x + σ6
y

2

)1/ 6

, (18)

with σx, and σy being the standard deviations on the horizontal and the elevation axis and μx, μy

being the fixed boresight errors of the optical beam center from the center of the receiver for the
two vertical axes. Next, the parameter A mod , is assessed as [5]

A mod = A 0 exp
(

1
ξ2

mod
− 1

2ξ2
x

− 1
2ξ2

y
− μ2

x
2σ2

x ξ2
x

− μ2
y

2σ2
y ξ2

y

)
, (19)

where ξx = Wz,eq/2σx and ξy = Wz,eq/2σy with Wz,eq being the equivalent beam radius at the
receiver and is given through the expression W 2

z,eq = √
πerf (υ)W 2

z /2υ exp(−υ2), A 0 = [erf (υ)]2,

Vol. 10, No. 5, October 2018 7906312



IEEE Photonics Journal CDMA RoFSO Links With Nonzero Boresight Pointing Errors

υ = √
πD /2

√
2Wz with D being the receiver aperture diameter, while Wz is the Gaussian beam

waist on the receiver plane. The Wz is evaluated by the initial beam waist at the transmitter W0, the
C2

n parameter, and the link distance L S [16].
Lastly, the expected value of the total instantaneous irradiance I i.e E [I ] = ∫∞

0 I fcomb,I (I )dI when
β is a natural number is obtained as [17]

E [I ]ℵ = ξ2
mod A mod

ξ2
mod + 1

(
γ + �′) , (20)

while, when β is a real number is given as [14]

E [I ]� = ξ2
mod A mod

ξ2
mod + 1

� (α + 1)
� (α) α

(
γβ

γβ + �′

)β

γ � (2) 2F 1

(
2, β; 1;

�′

γβ + �′

)
, (21)

where 2F 1(a, b; c; x) is the Gaussian hypergeometric function [15, eq. (9.100)].

3. Performance Analysis
3.1 Average Bit Error Rate

Assuming that the RF signals, for each kth user, are modulated with an M-QAM modulation, the
conditional bit error rate (BER) is given as [10]

Pb,k =
(
1−

√
M −1

)

log2(M )

[
2erfc

(√
3CN I Rk (I )
2(M − 1)

)
−
(
1 −

√
M −1

)
erf c2

(√
3CN I Rk (I )
2(M − 1)

)]
. (22)

Thus, taking account of the combined statistical channel model derived in the previous section,
the ABER performance for the kth user’s signal is estimated as [10]

Pb,k,A v =
(
1−

√
M −1

)

log2(M )

∞∫

0

[
2erfc

(√
3CN I Rk (I )
2(M − 1)

)
−
(
1 −

√
M −1

)
erf c2

(√
3CN I Rk (I )
2(M − 1)

)]
fcomb,I (I ) dI ,

(23)

where the CN I Rk(I ) is given either from (9) or (15) for the cases of the forward or the reverse
link transmission, respectively. Using an approximation formula for the erfc(.) given in [18] as
erfc(x) ≈ 1/6e−x2 + 1/3e−4x2 + 1/3e−4x2/3, the integral in (23) becomes

Pb,k,A v =
(
1−

√
M −1

)

log2(M )

∞∫

0

[
2erfc

(√
3CN I Rk (I )
2(M − 1)

)
− 1

9

(
1 −

√
M −1

) ( 1
4 e− 3CN I Rk (I )

(M − 1) + e− 15CN I Rk (I )
2(M − 1) +

+e− 12CN I Rk (I )
(M − 1) + e− 7CN I Rk (I )

2(M − 1) + 2e− 8CN I Rk (I )
(M − 1) + e− 4CN I Rk (I )

(M − 1)

)]
fcomb, I (I ) dI

(24)

Hence, by replacing the combined PDF of the M-turbulence with NB PEs given in (17), substituting
for the exponential terms with the equality exp(z) = G 1,0

0,1(−z|0) and using the formula from [19,
eq. (21)], the following closed-form mathematical expression is obtained

Pb,k,A v =
(
1−√

M
−1
)
ξ2

mod A (ℵ or �)

log2(M )

(ℵ or �)∑
j=1

{
a(ℵ or �)

j

(
B (ℵ or �)

)− α+j
2 2α+j−3

π

[
1√
π
�j, k−

− 1
18

(
1 − √

M
−1
) ( 1

4�j, k (2) + �j, k (5) + �j,k (8) + �j,k
( 7

3

)+ 2�j,k
( 16

3

)+ �j,k
( 8

3

))]}
,

(25)

where

�k = 24CN I Rk,E X

(M − 1)

(
A mod

B (ℵ or �)E [I ](ℵ or �)

)2

, �j,k = G 2,6
7,4

⎛

⎜⎝�k

∣∣∣∣∣∣∣

1−ξ2
mod

2 ,
2−ξ2

mod
2 , 1−α

2 , 2−α
2 ,

1 − j
2 ,

2 − j
2 , 1

0, 0.5,− ξ2
mod
2 ,

1−ξ2
mod

2

⎞

⎟⎠
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and

�j,k(x) = G 1,6
6,3

⎛

⎜⎝x�k

∣∣∣∣∣∣∣

1−ξ2
mod

2 ,
2−ξ2

mod
2 , 1−α

2 , 2−α
2 ,

1 − j
2 ,

2 − j
2

0,− ξ2
mod
2 ,

1−ξ2
mod

2

⎞

⎟⎠ .

3.2 Outage Probability

For the CDMA RoFSO link, the OP for the kth user’s signal is defined as the probability that the
CN I Rk(I ) falls below a threshold value CN I Rk,th and mathematically is expressed as [10]

Pout,k = Pr (CN I Rk (I ) < CN I Rk,th ) = Pr (I < I th ) =
I th∫

0

fcomb,I (I ) dI , (26)

where I th = E [I ]
√

CN I Rk,th

CN I Rk,E X
. By replacing fcomb,I (I ) with (17) and using [15, eq. (7.811.2)], we conclude

to the following closed-form expression for the OP for the kth user

Pout,k = ξ2
mod A (ℵ or �)

2

(ℵ or �)∑

j=1

a(ℵ or �)
j

(
B (ℵ or �)

)− α+j
2

G 3,1
2,4

(
B (ℵ or �)E [I ](ℵ or �)

A mod

√
CN I Rk,th

CN I Rk,E X

∣∣∣∣∣
1, ξ2

mod + 1
ξ2

mod , α, β, 0

)
.

(27)

4. Numerical Results
Using the derived closed-form expressions for the ABER and the OP of the RoFSO CDMA P2P link
given in (25) and (27), indicative numerical results are demonstrated. We assume weak, medium,
and strong turbulence conditions, specified by proper values of the Rytov variance equals to 0.1,
1.9 and 2.5, respectively. It is worth mentioning that the case of σ2

R = 1.9 is modeled by the gamma-
gamma distribution, setting the corresponding values to the M distribution model. Finally, outcomes
are presented for the case of saturated turbulence conditions with the σ2

R being equal to 25. In light
of the above, the parameters of the M distribution model take the values of (σ2

R , α, β,�′, γ) which
are (0.1, 50, 14, 1.1, 0.006), (1.9, 11.29, 14, 1, 0), (2.5, 9.73, 14, 0.98, 0.02) and (25, 2.28, 33,
2.04, 0.136). It is worth noting that the parameters of the M distribution for σ2

R = 0.1 and 25 have
been selected from [4]. Thus, taking account of the aforementioned values of σ2

R , assuming a link
distance at L S = 1.5 km, an optical wavelength equal to λ = 1.55 μm, and a detector diameter
D = 2R = 10 cm, we obtain the following values for the C2

n parameter, i.e., (σ2
R , C2

n ), which are
(0.1, 2.4 × 10−15 m−2/3), (1.9, 4.5 × 10−14 m−2/3), (2.5, 6 × 10−14 m−2/3) and (25, 6 × 10−13 m−2/3).
The initial beam waist at the transmitter is chosen equal to W0 = 2.5 cm. For the CDMA scheme,
the processing gain is chosen equal to G p = 512. The bandwidth for the forward link is chosen
B = 20 MHz, while for the reverse link is B = 10 MHz. The IMD3 coefficient is α3 = 1/3, the
absolute temperature is T = 300 K, the RIN = −155 dB/Hz and P0 = 20 dBm. The load resistance
is RL = 50 � and < sk(t) >= 1. It is worth mentioning that all the user’s signals are modulated with
the same modulation index i.e., m1 = m2 = . . . . = mK . The total losses for the wireless optical link
are set L tot = 15 dB.

In Fig. 3, the variation of the CN I Rk,E X as a function of the OMI per user mk is illustrated. It is
evident that the transmission for the forward link differs significantly from that on the reverse link
due to the MAI degradation. For the forward link the simultaneous transmission of 200 users is
feasible, achieving a maximum CN I Rk,E X = 42 dB while for the reverse link when the channel is
accessed by 10 users the maximum CN I Rk,E X drops to a value of 26 dB. Also, it is clear that the
choice of the OMI for the forward link affects the performance of the RoFSO link. In case there is a
need for a specific BS to serve a large number of users, the OMI must be shifted to lower values
in order to minimize IMD3 and clipping distortion. In the case of the reverse link, the choice of the
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Fig. 3. Variation of the CN I Rk,E X as a function of the OMI per user for both forward and reverse links
for various values of the number of users

Fig. 4. The ABER for the forward link with 16-QAM for weak to strong turbulence conditions and weak
PEs

optimum OMI depends on the number of users, but values in the range of mk = 0.01 to 0.06 seem
to be ideal.

Next in Figs. 4 and 5, results for the ABER for the forward link are depicted. The OMI per user
is chosen equal to mk = 0.02 and as we mentioned previously the bandwidth is set B = 20 MHz.
The modulation format for the forward link is the 16-QAM. Due to the synchronous transmission,
the number of users that simultaneously access the channel is significantly high. As it is shown,
the performance aggravation occurs after the number of users exceeds the K = 150. Moreover, the
turbulence-induced fading deteriorates the performance along with NB PEs.

In Figs. 6 and 7, the ABER results for the case of the reverse link are demonstrated. As it is
obvious, the MAI on the reverse link is dominant, restricting the number of users accessing the
network at a specific time instant. For the reverse link, the bandwidth is chosen B = 10 MHz and the
OMI per user is selected equal to mk = 0.03. Also, the selected modulation format is the QPSK. An
acceptable performance below a BER limit of 10-4 is attained when the number of users is below 25
for all the cases of weak up to strong turbulence conditions. For the case of saturated turbulence
conditions, when the number of active users are 3 the average BER reaches the aforementioned
BER limit. The influence of the NB PEs (Fig. 7) on the ABER performance is obvious but is primarily
depicted in the weak up to moderate turbulent cases.
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Fig. 5. The ABER for the forward link with 16-QAM for weak to strong turbulence conditions and
enhanced PEs

Fig. 6. The ABER for the reverse link with QPSK for weak to strong turbulence conditions and weak
PEs

Fig. 7. The ABER for the reverse link with QPSK for weak to strong turbulence conditions and enhanced
PEs.

Vol. 10, No. 5, October 2018 7906312



IEEE Photonics Journal CDMA RoFSO Links With Nonzero Boresight Pointing Errors

Fig. 8. The OP as a function of the CN I Rk,E X for weak to strong turbulence conditions and weak PEs.

Fig. 9. The OP as a function of the CN I Rk,E X for weak to strong turbulence conditions and enhanced
PEs.

Finally, in Figs. 8 and 9, results for the OP are visualized. In this case, the numerical results are
plotted as a function of the CN I Rk,E X , offering the convenience for the evaluation of the OP for both
link directions. The threshold value was selected equal to CN I Rk,th = 10 dB. It is obvious that as the
turbulence strength increases, the OP increases and CN I Rk values above 25 dB are imperative.
Also in Fig. 9, the impact of the NB displacement with enhanced spatial jitters on the OP metric is
evident, especially for the weak turbulence regime.

4. Conclusions
In this paper, a CDMA RoFSO communication system is thoroughly investigated for both directions
of the forward and the reverse link. Atmospheric turbulence and NB PEs were assumed, modeled by
the M-distribution and an accurate approximation of the Beckmann distribution, respectively. In this
context, novel mathematical expressions were extracted regarding the ABER and the OP of the link
taking account of the aforementioned effects. Proper numerical results revealed the severe impact
of the MAI and the strong influence of the atmospheric turbulence effect along with the NB PEs. In
order to overcome these impediments to the performance of the CDMA RoFSO system, diversity
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techniques, relay-assisted systems and error-correcting schemes seem to be indispensable and
their influence could be studied in a future work.

References
[1] K. Kazaura, K. Wakamori, M. Matsumoto, T. Higashino, K. Tsukamoto, and S. Komaki, “RoFSO: A universal platform for

convergence of fiber and free space optical communication networks,” IEEE Commun. Mag., vol. 48, no. 2, pp. 130–137,
Feb. 2010.

[2] M. A. Abu-Rgheff, Introduction to CDMA Wireless Communications. New York, NY, USA: Academic, 2007.
[3] X. N. Fernando, Radio over Fiber for Wireless Communications: From Fundamentals to Advanced Topics. Hoboken,

NJ, USA: Wiley-IEEE, 2014.
[4] A. Jurado-Navas, J. M. Garrido-Balsells, J. F. Paris, and A. Puerta-Notario, “A unifying statistical model for atmospheric

optical scintillation,” in Numerical Simulations of Physical and Engineering Processes, Rijeka, Croatia: Intech, 2011,
pp. 181–206.

[5] R. Boluda-Ruiz, A. Garcı́a-Zambrana, C. Castillo-Vázquez, and B. Castillo-Vázquez, “Novel approximation of misalign-
ment fading modeled by Beckmann distribution on free-space optical links,” Opt. Exp., vol. 24, no. 20, pp. 22635–22649,
2016.

[6] A. Bekkali, P. T. Dat, K. Kazaura, K. Wakamori, and M. Matsumoto, “Performance analysis of SCM-FSO links for
transmission of CDMA signals under gamma-gamma turbulent channel,” in Proc. IEEE Military Commun. Conf., Boston,
MA, USA, Oct. 18–21, 2009, pp. 1–5.

[7] C. B. Naila, A. Bekkali, K. Wakamori, and M. Matsumoto, “Transmission analysis of CDMA-based wireless ser-
vices over turbulent radio-on-FSO links using aperture averaging,” in Proc. IEEE Int. Conf. Compun., Kyoto, Japan,
Jun. 5–9, 2011, pp. 1–6.

[8] C. B. Naila, A. Bekkali, K. Wakamori, and M. Matsumoto, “Performance analysis of CDMA-based wireless services
transmission over a turbulent RF-on-FSO channel,” IEEE J. Opt. Commun. Netw., vol. 3, no. 5, pp. 475–486, May 2011.

[9] M. P. Ninos, H. E. Nistazakis, A. N. Stassinakis, G. S. Tombras, V. Christofilakis, and A. D. Tsigopoulos, “CDMA radio
on FSO links over gamma turbulence channels with nonzero boresight pointing errors,” in Proc. 7th Int. Conf. Modern
Circuits Syst. Technol., Thessaloniki, Greece, May 7–9, 2018, pp. 1–4.

[10] H. E. Nistazakis, A. N. Stassinakis, H. G. Sandalidis, and G. S. Tombras, “QAM and PSK OFDM RoFSO over M-
turbulence induced fading channels,” IEEE Photon. J., vol. 7, no. 1, Feb. 2015, Art. no. 7900411.

[11] W. Huang and M. Nakagawa, “Nonlinear effect of direct-sequence CDMA in optical transmission,” in Proc. 7th IEEE
Global Telecommun. Conf., San Francisco, CA, USA, Nov. 28, 1994–Dec. 2, 1994, pp. 1185–1189.

[12] M. B. Pursley, “Performance evaluation for phase-coded spread-spectrum multiple-access communication–part 1:
System analysis,” IEEE Trans. Commun., vol. 25, no. 8, pp. 795–799, Aug. 1977.

[13] L. C. Andrews, R. L. Phillips, and C. Y. Hopen, Laser Beam Scintillation With Applications. Bellingham, WA, USA:
SPIE, 2001.

[14] A. Jurado-Navas, J. M. Garrido-Balsells, J. F. Paris, M. Castillo-Vasquez, and A. Puerta-Notario, “Impact of pointing
errors on the performance of generalized atmospheric optical channels,” Opt. Exp., vol. 20, no. 11, pp. 12550–12562,
2012.

[15] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and Products, 7th ed. New York, NY, USA: Academic,
2008.

[16] A. A. Farid and S. Hranilovic, “Outage capacity optimization for free-space optical links with pointing errors,” J. Lightw.
Technol., vol. 25, no. 7, pp. 1702–1710, Jul. 2007.

[17] I. S. Ansari, F. Yilmaz, and M. S. Alouini, “Performance analysis of free-space optical links over Málaga (M) turbulence
channels with pointing errors,” IEEE Trans. Wireless Commun., vol. 15, no. 1, pp. 91–102, Jan. 2016.

[18] D. Sadhwani, R. N. Yadav, and S. Aggrawal, “Tighter bounds on the Gaussian Q function and its application in
Nakagami-m fading channel,” IEEE Wireless Commun. Lett., vol. 6, no. 5, pp. 574–577, Oct. 2017.

[19] V. S. Adamchik and O. I. Marichev, “The algorithm for calculating integrals of hypergeometric type function and its
realization in reduce system,” in Proc. Int. Conf. Symbolic Algebraic Comput., Tokyo, Japan, 1990, pp. 212–224.

Vol. 10, No. 5, October 2018 7906312



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


