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ABSTRACT In the last two decades, chaos-based signals have achieved much popularity due to their useful
waveform properties such as non-periodicity, wide-band nature, and robustness against eavesdropping
by intruders. In this paper, we utilize differential chaos shift keying (DCSK) for free space optical
(FSO) communication systems to improve their performance under the combined influence of atmospheric
turbulence (AT) and non-zero boresight pointing errors (PEs). We employ the generalized Malaga
distribution for modeling the channel gain under all turbulence regimes from weak to strong. Moreover,
we utilize the modified Rayleigh distribution to incorporate the effect of jitter and boresight PEs. The
computation of the exact average bit error rate (ABER) expression for the proposed FSO system using
DCSK is quite tedious. Therefore, we propose two approximations for ABER of the proposed system
which show a tight match with the exact analysis and are also valid for the homodyne detection (HMD),
heterodyne detection (HD), and intensity modulation/direct detection (IM/DD) techniques. We also observe
the impact of different AT parameters (α, β), spreading factor (M), and non-zero boresight PE parameters
(kx, ky) on the ABER performance of the DCSK-based FSO system. Further, we derive asymptotic ABER
expression to obtain insightful observations into the FSO system performance. We also compare the ABER
performance of the proposed DCSK-based FSO system with an FSO system employing, correlation delay
shift keying (CDSK), binary phase shift keying (BPSK), and code division multiple access (CDMA). We
also derive the generalized ergodic capacity (EC) for the considered FSO communication system and show
the effect of the spreading factor and boresight on the EC of the DCSK FSO communication system. We
derive closed form expression of the average secrecy capacity (ASC) under the combined effect of AT
and nonzero boresight PEs for the considered DCSK FSO system.

INDEX TERMS Differential chaos shift keying (DCSK), ergodic capacity (EC), free space optical (FSO),
atmospheric turbulence (AT), non-zero boresight, pointing errors (PEs), Malaga distribution, homodyne
detection (HMD), heterodyne detection (HD), intensity modulation/direct detection (IM/DD).

I. INTRODUCTION

CISCO annual Internet report (2018–2023) states that
there were 4.1 billion Internet users globally in 2018,

which is projected to increase to 5.3 billion by 2023 [1].
The unprecedented increment in telecom network data

traffic over the past few years has resulted into radio
frequency (RF) spectrum congestion. Free space optical
(FSO) communication is a promising solution due to its
advantages such as high bandwidth, low power consumption,
low latency, no electromagnetic interference, unlicensed
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band, and cost-effectiveness [2], [3], [4], [5], [6], [7],
[8], [9], [10]. Optical beams are more collimated and
directional compared to their RF counterparts. Hence FSO
communication systems are more secure as compared to
RF communication systems [4], [5], [7], [8]. However, the
optical beam can still be eavesdropped when it gets scattered
due to the particles present in the atmosphere in the beam
path or when the eavesdropper lies within the field of view
of the received beam [4], [5], [8].

Furthermore, there might be a degradation in the FSO
communication system performance due to the atmospheric
turbulence (AT) present in the channel and pointing errors
(PEs) between the received optical beam footprint and the
receiver aperture. The primary cause of AT is the presence of
temperature gradients in the atmosphere. It arises due to solar
heating, wind, clouds, and dust. The AT can significantly
affect FSO communication systems by causing random
fluctuations in the intensity and phase of the transmitted
optical beam. These fluctuations can cause fading and signal
distortion, which can lead to a reduction in the performance
of the FSO link [3], [4], [8], [9], [10], [17]. The main sources
of optical beam misalignment are building sway, thermal
expansion, wind load, and weak earthquakes. It results in
significant degradation in the FSO communications system
performance. The PE consists of two-components; boresight
and jitter. Boresight is defined as the fixed displacement
between the center of beam foot print and receiver detector,
while jitter is the random offset of the beam and receiver
detector plane [4], [6], [18], [19], [20]. Other physical
obstructions that can temporarily or permanently block the
path include birds and trees.
In conventional FSO communication, the intensity modu-

lation/direct detection (IM/DD) technique is very popular [4],
[7], [10], [15] because it does not require local oscillator at
the receiver that makes the receiver design low cost and easy
to implement. The coherent detection techniques are defined
based on the local oscillator frequency at the receiver. In
HD involves mixing the incoming optical signal with a local
oscillator at a different frequency at the photodetector surface.
However, in HMD technique, the local oscillator frequency
must exactly match the incoming signal. The received
instantaneous SNR is proportional to the received optical
signal irradiance at the receiver for HD and HMD [4], [21,
Eq. (13.16)-(13.17)]. For the IM/DD technique, the received
instantaneous SNR is proportional to the square of the received
optical signal irradiance at the receiver [4], [7].

Chaos-based communication systems have been widely
researched in the past two decades due to the excellent
properties of chaos signals such as ease of generation, non-
periodicity, sensitivity to initial key value of chaos signal
generator, and broadband spectrum [11], [22], [23], [24],
[25]. Moreover, chaos signals look like noise which makes
them very robust to detect and initial condition sensitivity
makes them difficult to regenerate or eavesdrop by the
external intruders [26], [27]. The authors in [26], [27], [28]
analyzed the physical layer security of spread spectrum and

chaos-based modulation schemes where it was observed that
the average secrecy capacity of chaos-based schemes was
more than the conventional modulation schemes. It was also
revealed that DCSK is more secure than the conventional
modulation schemes. In direct spread code division multiple
access (DS-CDMA), it is a common practice to employ
pseudo-noise (PN) sequences. These sequences show strong
correlation qualities, however, their primary flaw is their low
security. Their short linear complexity allows a linear regres-
sion attack to reconstruct them. This limited security can be
overcome by using chaotic signals instead of conventional
PN sequences, since chaotic signals can be considered as
non-periodic signals with an infinite number of states [24].
In [29], the authors showed that the chaotic signals are well
suited for multi-user spread-spectrum modulation delivering
considerable benefits over conventional modulation systems
due to their advantageous wide-band properties. Chaos-based
communication systems utilize coherent and non-coherent
modulation schemes. Coherent modulation schemes have
better average bit error rate (ABER) performance than
non-coherent schemes, but chaotic signal synchronization
at the receiver during demodulation is challenging in a
noisy environment for coherent schemes. Therefore, non-
coherent modulation schemes, such as differential chaos shift
keying (DCSK) and correlation delay shift keying (CDSK)
can be utilized for the FSO communication systems [15],
[22], [24], [25], [30]. It was shown in [30] that the
ABER performance of DCSK is better than CDSK over an
additive white Gaussian noise (AWGN) channel. The authors
in [31] showed that DCSK performed better than both direct
sequence code division multiple access (DS-CDMA) with
imperfect CSI and direct sequence differential phase-shift
keying (DS-DPSK).
The authors in [32] derived an approximate ABER

performance for single input-single output (SISO) and
single input-multiple output (SIMO) DCSK communication
systems over Rayleigh fading channel. In [33], the authors
experimentally demonstrate a 1 Gbps fiber optic chaos-
based communication over 120 km in the metropolitan area
network of Athens, Greece. A secure encryption transmission
experiment employing a chaotic carrier for 8-Gbps on-
off keying (OOK) data over a 10 m FSO communication
system is also successfully shown with an ABER below the
forward error correction threshold of 3.8 × 10−3 [34]. A
self-synchronizing chaotic FSO communication system has
been experimentally investigated in the presence of various
AT conditions over an approximately 5 km link [13], where
the effect of AT has been shown on the ABER performance
of chaos-based FSO communication system.

MOTIVATION AND CONTRIBUTIONS
Motivated by above mentioned research works, in this
paper, we investigate the ABER performance over an FSO
link using DCSK modulation scheme due to the distinct
advantages of the DCSK modulation scheme over traditional
modulation schemes.
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TABLE 1. A comparison of the proposed work with existing related works.

It is evident from the aforementioned works that the
performance of DCSK-based FSO systems over generalized
turbulence models has not been considered in literature. The
impact of boresight PEs is also ignored in [14], [15] which
significantly impacts the performance of FSO systems. We
consider a generalized Malaga distribution to model the
atmospheric turbulence along the FSO link. Concurrently, the
combined effect of jitter and non-zero boresight PEs has been
investigated using a modified Rayleigh distribution. In this
work, we propose a novel approximation of instantaneous bit
error rate (BER) expression for DCSK modulation scheme
to investigate the ABER performance of the considered
communication system.
To the best of the authors’ knowledge, no previous works

have considered the scenario of Malaga AT with jitter and
boresight to analyze the FSO system performance using
DCSK modulation scheme. The main contributions of this
paper are summarized as follows:

1) In order to thoroughly evaluate the ABER
performance, we propose a novel approximation of
the instantaneous BER which shows a tight match
with the exact expression [25, Eq. (18)]. We also
present a comparison of the instantaneous BER in the
existing research works in literature [14], [15] with
the proposed approximation.

2) Utilizing the proposed approximation, we analyze the
ABER performance of the considered FSO system
under the combined impact of AT and non-zero
boresight PEs employing DCSK modulation scheme.
The derived ABER expressions are generalized and
valid for HMD, HD, and IM/DD techniques.

3) Some useful insights into the FSO system performance
are obtained through the asymptotic ABER analysis.
By utilizing the asymptotic slope, the diversity gain
of the considered system is calculated. The diversity
gain depends on the considered detection techniques,
AT, and non-zero boresight PEs.

4) We derive the generalized ergodic capacity (EC)
expression, which includes the combined effects of the
generalized Malaga distributed AT, non-zero boresight
PE parameters, and generalized detection techniques.
An asymptotic expression of the EC is also obtained to
observe useful insights in the FSO system performance.

5) We also analyze the physical layer security of the
considered DCSK-based FSO communication system
in terms of a generalized expression for the average
secrecy capacity (ASC) under the combined influence
of Malaga distributed AT and nonzero boresight PEs
for various detection techniques.

6) We present a thorough investigation of the effect of
various system parameters such as detection techniques,
AT conditions, spreading factor of DCSK modulation
scheme (M), and non-zero boresight PE parameters on
the ABER, EC, and ASC of the considered FSO system.

II. SYSTEM DESCRIPTION
Let us present a formal description of the proposed DCSK-
based FSO communication system model illustrated in the
block diagram in Fig. 1.

A. DCSK MODULATION
We generate DCSK modulated signal using a differential
shift keying modulator and a chaotic map to create the
chaotic carrier signal. The DCSK modulated sequence
consists of two sections; the first is assigned to the reference
symbol, and the second is assigned to the data-carrying
symbol. If the input data bit is +1, then both sections will
be the same, whereas if the input data bit is −1, then the
reference section is inverted with respect to the data carrying
symbol. The modulated information bits are represented as
Ei ∈ {−1,+1}, where i is the information bit index. Thus
the transmitted symbol yl,i is represented as [24]

yl,i =
{
xl, l = 1, 2, 3, . . . ,M
Eixl−M, l = M + 1,M + 2, . . . , 2M

(1)
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FIGURE 1. Proposed DCSK-based FSO communication system model.

where M represents the spreading factor, xl denotes the
chaotic signal utilized as reference signal, xl−M represents
its delayed version used as data-carrying signal, and l
denotes the index number of chaotic samples sent for each
bit [26], [27], [31].

B. RECEIVED SIGNAL
The received signal at the output of the photodetector is
written as

rl,i = η0yl,iI + wl,i, (2)

where η0 is responsivity of the photodetector, I = IaIlIp
represents the FSO channel gain where Ia is the Malaga
distributed AT [17], Il represents the deterministic path
loss [2], and Ip denotes PE which consists of jitter and non-
zero boresight. In (2), wl,i indicates AWGN with zero mean
and variance is σ 2

w [35].

C. AT CHANNEL MODEL
The generalized Malaga distributed AT channel model has
attained much popularity over the years due to its ability
to capture weak to strong AT regimes. This model includes
the effect of three components in the received optical
beam: (i) line-of-sight (LoS) component, (ii) coupled-to-
LoS component, (iii) off-axis eddies independent scatter
component. The probability density function (PDF) of the
irradiance due to the Malaga distributed AT along the FSO
link is expressed as [17, Eq. (24)]

fIa(Ia) = A
β∑
k=1

akI
α+k−2

2
a Kα−k

(
2

√
αβIa

gβ +�′

)
, Ia > 0, (3)

A
�= 2α

α
2

g1+ α
2 �(α)

(
gβ

gβ +�′

)(β+α/2)
, (3a)

ak
�=
(
β − 1
k − 1

)(
gβ +�′)1− k

2

(k − 1)!

(
�′

g

)k−1(
α

β

) k
2

, (3b)

where Kν(.) represents the modified Bessel function of
second kind and order ν and �(.) represents the Gamma
function. α > 0 is the effective number of large scale cells
of the scattering process, β is a fading parameter which
is a natural number, 2b0 represents the average power of
the total scatter components, g = 2b0(1 − ρ) indicates the
average power of the scattering component received by off-
axis eddies, 0 ≤ ρ ≤ 1 is the amount of optical power that is

coupled to the LoS component, and �′ denotes the average
power from the coherent component.

D. PE CHANNEL MODEL WITH NON-ZERO BORESIGHT
The Beckmann distribution can approximated into the
modified Rayleigh distribution and is given by [19, Eq. (10)]

fU(u) = u

σ 2
mod

exp

(
− u2

2σ 2
mod

)
, u ≥ 0, (4)

where u is the radial displacement vector, which consists
of two components, ux and uy, representing the horizontal
and vertical displacement from the center of the receiver
plane, respectively. Both the components are independent and
Gaussian distributed, where ux ∼ N(κx, σ 2

x ), uy ∼ N(κy, σ 2
y ),

κx and κy are horizontal and vertical boresights, σ 2
x and

σ 2
y denote horizontal and vertical jitters, respectively. The

beam width �z ≈ θz, where θ is divergence angle of
the optical beam and z is the distance between transmitter
and receiver, υ =

√
πR√
2wz

, A0 = [erf(υ)]2 is the fraction
of the collection power at center of the receiver plane, R

is photodetector aperture radius, and �2
zeq = �2

z
√
πerf(υ)

2υ exp(υ2)
denotes the equivalent optical beam radius at the receiver.
Further, ϕx = wzeq/(2σx) and ϕy = wzeq/(2σy), G =
exp( 1

ϕ2
mod

− 1
2ϕ2

x
− 1

2ϕ2
y
− κ2

x
2σ 2

x ϕ
2
x
− κ2

y

2σ 2
y ϕ

2
y
), Amod = A0G, σ 2

mod =
(

3κ2
x σ

4
x +3κ2

y σ
4
y +σ 6

x +σ 6
y

2 )
1
3 , and ϕmod = �zeq/(2σmod). The PDF

of PE the random variable (Ip) is expressed as [19]

fIp
(
Ip
) = ϕ2

mod

(Amod)ϕ
2
mod

I
ϕ2
mod−1

p , 0 ≤ Ip ≤ Amod, (5)

E. COMBINED EFFECTS OF AT AND BORESIGHT PE
By utilizing (3) and (5), the generalized PDF of the
instantaneous signal-to-noise ratio (SNR) of the received
signal is written as [4]

fγ (γ ) = ϕ2
modA

2rγ

β∑
k=1

bkG
3,0
1,3

(
ϕ2
mod + 1

ϕ2
mod, α, k

∣∣∣∣B
(
γ
μr,s

) 1
r

)
, (6)

where (r = 1, s = √
2), (r = 1, s = 1) and (r = 2, s = 1)

represent the HMD, HD, and IM/DD techniques, respec-

tively [7], [21], [36], bk = akr(α+k−1), B = ϕ2
modαβ(g+�′)

(ϕ2
mod+1)(gβ+�′) ,

μr,s is the average electrical SNR calculated as μr,s =
(sη0 E[I])r

N0
, E[I] = IlAmodϕ2

mod(g+�′)
(ϕ2
mod+1)

, and E[.] denotes the
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expectation operator. In (6) Gm,np,q (
···
··· |·) represents the Mejier-

G function.
Let us now consider a classical Wyner’s wiretap

model [37] where the transmitter, Alice (A), wishes to
send confidential information to a legitimate receiver, Bob
(B), over the considered DCSK-based FSO system with an
external eavesdropper (E). The PDF of the instantaneous
SNR at B or E can be written in the following alternate form
using (6) and [4, Eq. (6)]:

fγx(γx) = DxEx
μxr,s

βx∑
k=1

bkxG
3r,0
r,3r

(
l1x − 1
l2x − 1

∣∣∣∣ Ex γxμxr,s

)
, (7)

where x ∈ {B,E}, Dx = ϕ2
modx

Ax
2r(2π)r−1 , Ex = Brx/r

2r,

l1x = [
ϕ2
modx

+1
r , . . . ,

ϕ2
modx

+r
r ] consists of r terms, and

l2x = [
ϕ2
modx
r , . . . ,

ϕ2
modx

+r−1
r , αxr , . . . ,

αx+r−1
r , kr , . . . ,

k+r−1
r ]

consists of 3r terms.
By employing (6), the cumulative distribution function

(CDF) of the instantaneous SNR at B and E can be expressed
as [4, Eq. (7)]

Fγx(γx) = Dx

βx∑
k=1

bkxG
3r,1
r+1,3r+1

(
1, l1x
l2x, 0

∣∣∣∣ Ex γxμxr,s

)
. (8)

F. COMPUTATION OF DECISION VARIABLE
In order to retrieve the data bits, we multiply the received
signal rl,i and its delayed copy rl−M,i. Further, we take
the average of resulting sequence over the spreading factor.
Therefore, for a given bit i, the decision variable at the
correlator’s output is expressed as

Di = R

(
M∑
l=1

rl,ir
∗
l−M,i

)

= R

(
M∑
l=1

(
η0yl,iI + wl,i

)(
η0yl−M,iI + wl−M,i

)∗)
, (9)

where R represents real number operator.

III. ABER ANALYSIS
The instantaneous BER expression for the DCSK modulation
with the spreading factor M is given by [25, Eq. (17)]

Pe(γ ) = 1

2
erfc

⎛
⎝
√
γ

4

(
1 + M

2γ

)−1
⎞
⎠. (10)

The ABER of DCSK modulation with generalized detection
technique is written as

ABER =
∫ ∞

0
Pe(γ ) fγ (γ )dγ. (11)

On substituting (6) and (10) in the above expression, it is
evident that a tractable closed-form solution is not available.
Hence, useful ABER performance design insights for the
proposed FSO system cannot be obtained. This motivates

us to propose a novel approximation for the instantaneous
BER expression for DCSK modulation scheme in (10). We
propose the approach in the following subsection:

A. OUR PROPOSED APPROXIMATIONS
1) PRELIMINARIES

Let us consider a non-linear function f (x) which we wish to
approximate using another function g(x). If C(x) represents
the error or correction term, then we have:

f (x) = g(x)+ C(x). (12)

Our objective is to find an accurate approximation of
correction term, C(x), such that the error, F(x) = f (x)−g(x)
is minimized in the least square sense. Typically, C(x) may be
a non-linear function of x and a weight vector, �w. The goal of
the problem is to find the values of �w that minimize the sum
of the squares of the residuals between F(x) and the predicted
values C(�w, x). Therefore, this non-linear data fitting problem
is mathematically expressed as [38, Appendix D],[39]:

min
�w

‖C(�w, x) − F(x)‖2
2 = min

�w
∑
j

(C(wj, x)− F(x)
)2
, (13)

In order to solve this problem, the following MATLAB
command is used:

�w = lsqcurvefit(fun,w0, xdata, ydata). (14)

This command starts at �w0 and finds coefficients �w to best
fit the nonlinear function fun(�w, xdata) to the data ydata (in
the least-squares sense). For the problem defined in Eq. (13),
fun = C(�w, x), xdata = x, and ydata = F(x).

2) PROPOSED ALGORITHM METHODOLOGY

In line with the aforementioned theory related to non-
linear least square data fitting, we propose the following
approximation for Eq. (10), for the instantaneous BER of a
DCSK-based communication system:

Pe(γ ) ≈ P1(γ )+ C(�w, γ ), (15)

where P1(γ ) = 0.5erfc(
√
γ /4) and C(�w, γ ) is a non-linear

function of γ that depends on the weight vector �w. Therefore,
for our case, the objective function becomes:

= min
�w

‖C(�w, γ )− F(γ,M)‖2
2

= min
�w
∑
j

(C(wj, γ )− F(γ,M)
)2
, (16)

where M denotes the DCSK spreading factor, F(γ,M) =
Pe(γ ) − P1(γ ). The MATLAB command to obtain the
optimum weight vectors for our case is the following [39]:

�w = lsqcurvefit(C(�w, γ ),w0, γ,F(γ,M)).

The motivation for the choice of P1(γ ) and C(�w, γ ) is
described as follows:
a) Choice of P1(γ ): P1(γ ) = 0.5erfc(

√
γ /4) is chosen in

this format to represent the non-linear behavior of erfc(.) in
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FIGURE 2. Comparison of the accuracy of various candidate C( �w, γ ) functions with
Pe (γ ) − P1(γ ) versus SNR for M = 64.

the exact expression (10). This term is kept independent of
the spreading factor, M, as the average ABER expression
for this term can be computed easily and we wanted to keep
the dependence on M in the correction term.
b) Choice of C(�w, γ ): Since the exact Pe(γ ) and P1 are

modeled by the erfc(·) function which have a water fall
behavior, C(�w, γ ) must be chosen such that it emulates this
water fall behavior of the erfc(·) function and concurrently
minimizes the error F(γ,M) = Pe(γ ) − P1(γ ). Some
approximations available in literature [40], [41], [42] for
modeling the water fall behavior of erfc(·) utilize the
weighted sum of exponential functions or a product of
an algebraic and exponential functions with appropriate
powers and weights. Motivated by this, we propose multiple
functions to model the correction term, C(�w, γ ) such as,
γ w1 exp (−w2γ

w3), w1γ exp (−w2γ
w3), w1γ

w2 exp (−γ w3),
w1γ

w2 exp (−w3γ
2), and w1γ

w2 exp (−w3γ
w4). These func-

tions were chosen to be a product of an algebraic function
and an exponential function with appropriate powers and
weights so that they could follow the water fall behavior
of the erfc(.) function in (10). Moreover, the number of
weights are chosen so that the power of γ and the weight
of γ in the proposed functions are able to mimic F(γ,M) =
Pe(γ ) − P1(γ ) as closely as possible. We utilized the
lsqcurvefit(·, ·, ·, ·) command to obtain the optimum weights
for each of these candidate C(�w, γ ) functions. In Fig. 2,
we plot the behavior of these candidates C(�w, γ ) functions
as a function of SNR for M = 64. We observe from
Fig. 2 that w1γ

w2 exp (−w3γ
w4) fit with Pe(γ )−P1(γ ) better

than the other functions. Let us explicitly write the two
approximations for the correction term C(�w, γ ) as

Proposition 1: C1(�w, γ ) = w1γ
w2 exp

(
−w3γ

2
)
, (17)

Proposition 2: C2(�w, γ ) = w1γ
w2 exp

(−w3γ
w4
)
, (18)

which consist of three (w1,w2,w3) and four
(w1,w2,w3,w4) parameters, respectively.
c) Choice of initial weight vector, �w0: The initial weight

vector for lsqcurvefit(.) MATLAB command needs to be
real number [38]. The initial weights for the command
lsqcurvefit(.) should be selected such that the final change
in the sum of squares relative to its initial value is less

TABLE 2. Optimum weights for C( �w, γ ) computed using Algorithm 1.

than the default value of the function tolerance which is
10−6. After completion of each run of lsqcurvefit(.), a
variable “exitflag” returns an integer value which indicates
the reason for stopping further iterations of the command.
When the function converges to a solution then this variable
returns a value of 1, otherwise some other integer value is
returned indicating an error [39]. Based on these criteria,
for our case, we selected initial weight vector as �w0 =
[0.205, 0.13, 0.015, 2] for our proposed algorithm. This
choice of �w0 resulted in completing optimization because
the size of the gradient was less than 10−4 times the default
value of the function tolerance and the exit flag was 1. It
will be revealed in the following section that once we obtain
this initial weight vector then our proposed approximation 2,
C2(�w, γ ), shows an excellent fit with Pe(γ )− P1(γ ) for all
values of spreading factor, M.

3) ACCURACY OF THE PROPOSED APPROXIMATIONS

In Fig. 3, we compare our proposed approximations
(Proposition 1 and Proposition 2) with the existing approx-
imations in the literature [14, Eq. (20)-(22)] and [15,
Eq. (15)-(16)]. The parameters related to the two proposed
approximations are mentioned in Table 2. It is observed
from Fig. 2 that the existing approximations proposed
in literature [14, Eq. (20)-(22)] and [15, Eq. (15)-(16)]
for Eq. (10) are very loose for different values of the
spreading factor M. We also note that while the proposed
approximation 1 (Proposition 1) is having a very close
match with the exact results for lower values of M, this
approximation becomes inaccurate for larger values of M.
However, the proposed approximation 2 fits very accurately
with the exact instantaneous BER expression for all values
of M = {8, 16, 32, 64}. The Monte Carlo simulation is
performed over 108 iterations on MATLAB 2021b on 11th

Gen 32.0 GB RAM processor. We have further demonstrated
the accuracy of our proposed approximation 2 in Fig. 4
where we compare our proposed approximation 2 with
Pe(γ ) − P1(γ ) versus SNR (dB) for different values of
DCSK spreading factor (M). It can be noticed that our
proposed approximation C2(�w, γ ) shows an excellent fit with
Pe(γ )−P1(γ ), where P1(γ ) = 0.5erfc(

√
γ /4). A summary

of these observations is presented in Table IV for brevity.
The parameters related to the two proposed approximations
computed using Algorithm 1 are mentioned in Table 2.
Remark 1: Based on Fig. 3 and Table 3, it is revealed

that the first proposed method shows high accuracy at
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FIGURE 3. Comparison of the existing and proposed approximations with the exact instantaneous BER versus SNR for different spreading factor values and unity channel
gain.

Algorithm 1 An Algorithm to Obtain the Optimum Weights
for the Correction Terms, C(�w, γ )
Step1→ Compute the numerical value of the exact
instantaneous BER, Pe(γ ), given in (10)
Step2→ Subtract (10) and P1(γ ) = 0.5erfc(

√
γ /4) to find

F(γ,M) = Pe(γ )− P1(γ )

Step3→ Choose multiple candidate functions for C(�w, γ ).
Step4→ Set initial weight vector, �w0 and use the
MATLAB command lsqcurvefit(.) to obtain the optimum
weights for each of these candidate C(�w, γ ) functions.
Step5→ Based on the obtained optimum weight vectors
of candidate C(�w, γ ) functions, select C(�w, γ ) that closely
matches with F(γ,M).

lower SNR and at higher SNR shows a poor match
with the exact instantaneous BER curve. Since the second
proposed approximation shows a very tight match with the
exact instantaneous BER expression, we utilize this in the
following ABER analysis.

B. DERIVATION OF ABER USING THE PROPOSED
APPROXIMATION
Utilizing [43, Eq. (06.27.26.0005.01)], we transform the
complementary error function into the Meijer’s G function
as follows

erfc

(√
γ

4

)
= 1 − 1√

π
G1,1

1,2

(
1

1
2 , 0

∣∣∣∣ γ4
)

(19)

FIGURE 4. Comparison of the accuracy of the proposed approximation 2 with
Pe (γ ) − P1(γ ) versus SNR for different M = {8, 32, 64}.

On substituting (6) and (15) into (11), the ABER is calculated
as

ABER = 1/2 − J1 + J2, (20)

where J1 and J2 are defined as

J1 =
∫ ∞

0

1

2
√
π
G1,1

1,2

(
1

1
2 , 0

∣∣∣∣ γ4
)

× ϕ2
modA

2rγ

β∑
k=1

bkG
3,0
1,3

(
ϕ2
mod + 1

ϕ2
mod, α, k

∣∣∣∣B
(
γ
μr,s

) 1
r

)
dγ, (21)
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TABLE 3. Comparison table of the suggested methods against other proposed methods in the literature.

J2 =
∫ ∞

0
w1γ

w2 exp
(−w3γ

w4
)

×ϕ
2
modA

2rγ

β∑
k=1

bkG
3,0
1,3

(
ϕ2
mod + 1

ϕ2
mod, α, k

∣∣∣∣B
(
γ
μr,s

) 1
r

)
dγ. (22)

Now, using [44, Eq. (2.24.1.1)] in (21), J1 is solved as

J1 = Dr

β∑
k=1

bkrα+k−1

(2π)(r−1)
G3r+1,1
r+2,3j+1

(
0.5, l1
l2, 0

∣∣∣∣ Er
μr,s

)
, (23)

where Dr = ϕ2
modA

22rπ r−0.5 , Er = 4Br

μr,sr2r , l1 =
ϕ2
mod+1
r , . . . ,

ϕ2
mod+r
r consists of r terms, and l2 =

ϕ2
mod
r , . . . ,

ϕ2
mod+r−1

r , αr , . . . ,
α+r−1

r , kr , . . . ,
k+r−1

r includes 3r
terms. With the help of [43, Eq. (07.34.21.0012.01)], the
closed-form expression for Eq. (22) is computed in terms
of the H-Fox function as follows:

J2 = Gr

β∑
k=1

bkH
3,2
1,3

(
Hr

∣∣∣∣∣
(
ϕ2
mod + 1, 1

); (1 − w2
w4
, 1
rw4

)
(
ϕ2
mod, 1

); (α, 1); (k, 1)

)
,

(24)

where Hm,n
p,q (

···
··· |·) represents the Fox-H function, Gr =

Aw1ϕ
2
mod

2rw4w
(w2/w4)
3

and Hr = B

μr,sw
1
rw4
3

.

Remark 2: Observing Eq. (18) and Table 2 allows for
the analysis of the impact of the spreading factor (M) on
the considered system. From Table 2, it can be seen that
for different values of M, we calculate correction terms w1,
w2, w3, and w4. Further, these factors are also involved in
Eq (24). Hence, we can conclude that on increasing the value
of M, the instantaneous BER performance get degraded. The
verification of this tendency in the instantaneous BER curves
can also be observed in Fig. 3 (a)-(d) and Fig. 4 as presented
in Sections II and VI, respectively.

IV. ASYMPTOTIC ABER ANALYSIS
We investigate the asymptotic behavior of the ABER of
the proposed DCSK-based FSO communication system in
the high SNR zone to ascertain useful design insights
into the system performance comprehensively. To calculate
asymptotic ABER expression, we utilize Slater’s theo-
rem [45] in (6), to transform the Meijer G-function into
the generalized Hypergeometric function as follows [10,
Eq. (8)], [46, Eq. (10)]

G3,0
1,3

( a1

b1, b2, b3

∣∣∣W) =
3∑

h=1

∏3
j=1 �

(
bj − bh

)∗
�(a1 − ah)

Wbh

× 1F2
(
1 + bh − c1; [1 + bh − b]∗;W), (25)

where W = B(γ /μr,s)
1
r is the argument of the Meijer

G-function in Eq. (6), a1 = ϕ2
mod + 1, and b =

[b1, b2, b3]=[ϕ2
mod, α, k] is a row vector, (·)∗ depicts that

the index j = h of vector element b will be ignored, and
1F2(.; .; .) is the generalized Hypergeometric function. In
the high SNR regime, the argument of the Hypergeometric
function W → 0 in Eq (25), consequently 1F2(.; .;W) →
1 [47]. Therefore, the asymptotic expression of (6) can be
approximated as

fγ (γ ) ≈ X0γ
ϕ2
mod
r −1 + Y0γ

α
r −1 + Z0γ

k
r−1, (26)

where

X0 = ϕ2
modA

2r

β∑
k=1

bk�
(
α − ϕ2

mod

)
�
(
k − ϕ2

mod

)( Br

μr,s

) ϕ2
mod
r

,

Y0 = ϕ2
modA

2r

β∑
k=1

bk
�
(
ϕ2
mod − α

)
�(k − α)

�
(
1 + ϕ2

mod − α
)

(
Br

μr,s

) α
r

,

Z0 = ϕ2
modA

2r

β∑
k=1

bk
�
(
ϕ2
mod − k

)
�(α − k)

�
(
1 + ϕ2

mod − k
)

(
Br

μr,s

) k
r

.

Substituting (15) and (26) into (11), the asymptotic ABER
is written as

ABER ≈
∫ ∞

0
Pe(γ ) fγ (γ )dγ (27)

≈ 1 − K1 − K2 (28)

where K1 and K2 are defined as

K1 =
∫ ∞

0

1

2
√
π
G1,1

1,2

(
γ

4

∣∣∣∣ 1
1
2 , 0

)

×
(
X0γ

ϕ2
mod
r −1 + Y0γ

α
r −1 + Z0γ

k
r−1

)
dγ, (29)

K2 =
∫ ∞

0
w1γ

w2 exp
(−w3γ

w4
)

×
(
X0γ

ϕ2
mod
r −1 + Y0γ

α
r −1 + Z0γ

k
r−1

)
dγ. (30)

By utilizing [43, Eq. (07.34.21.0009.01)] in (29), K1 is solved
as

K1 ≈ X̃0 + Ỹ0 + Z̃0, (31)
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where

X̃0 = X0�
(−ϕ2

mod/r + 1/2
)
�
(
ϕ2
mod/r

)
�
(
1 − ϕ2

mod/r
)

(
1

4

)−ϕ2
mod
r

,

Ỹ0 = Y0�(−α/r + 1/2)�(α/r)

�(1 − α/r)

(
1

4

)−α
r

,

Z̃0 = Z0�(−k/r + 1/2)�(k/r)

�(1 − k/r)

(
1

4

)−k
r

.

Now, using [43, Eq. (06.05.02.0001.01)] in (30), K2 is
obtained as

K2 ≈ X̃1 + Ỹ1 + Z̃1, (32)

where,

X̃1 = X0w1

w
ϕ2
mod/(rw4)+w2/w4+1

4

�

(
ϕ2
mod

rw4
+ w2

w4

)
,

Ỹ1 = Y0w1

wα/(rw4)+w2/w4+1
4

�

(
α

rd
+ w2

w4

)
,

Z̃1 = Z0w1

wk/(rw4)+w2/w4+1
4

�

(
k

rw4
+ w2

w4

)
.

In (28), X0, Y0, and Z0 incorporate the SNR terms

(1/μr,s)
ϕ2
mod
r , (1/μr,s)

α
r , and (1/μr,s)

k
r in the denominator,

respectively. As μr,s → ∞, the term containing the smallest
power of μr,s in the ABER expression will dominate.
Hence, we observe that the asymptotic slope for this case is
min{ϕ2

mod/r, α/r, k/r}.
Remark 3: It can be observed that the asymptotic slope

of the ABER curves depends upon the considered detection
techniques, AT, and non-zero boresight PE parameters. The
asymptotic slope is independent of the DCSK spreading
factor, M. The spreading factor M affects the coding gain
through the weights (w1, w2, w3, and w4).
Remark 4: In order to observe the impact of the PE

parameter (ϕ2
mod) on the ABER performance, we carefully

observe (28), (31), and (32). From (31), it can be seen that
X̃0 dominantly depends upon ϕ2

mod, and it decreases with
increase in ϕ2

mod. Concurrently, it can be observed using (32)
that as ϕ2

mod increases the value of X̃1 increases. Owing to
this, the value of K1 dominantly decreases and K2 slowly
increases. Thus, the ABER performance of the considered
DCSK-based FSO system improves with the increase in
ϕ2
mod. This analysis is also verified through the numerical

results shown in Fig. 6 in Section IV.
Remark 5: From (28)-(32), we can analyze that with the

increase in α, the value of K1 and K2 increase. In (31)-(32),
the terms Ỹ0 and Ỹ1 dominantly depends upon AT parameter
α. As α increases, the values of Ỹ0 and Ỹ1 increase which
results in an increase in the values of K1 and K2. Hence,
the value of ABER decreases with the increase in α. This
analysis is also confirmed by the numerical plot shown in
Fig. 5 in Section IV. A similar theoretical examination may

FIGURE 5. Comparison of ABER versus SNR for different turbulence conditions
under different detection techniques.

be carried out to assess the impact of other factors on ABER
performance.

V. EC ANALYSIS
Typically, FSO communication over AT link is characterized
by slow-fading channel. The effects of the PEs cause the
signal to obliterate at an extremely rapid rate. Due to the
fact that the coherence time of the FSO fading channel is of
the order of milliseconds, a single fade can flip millions of
bits at Gbps data rates. Therefore, the EC analysis is valid
in the presence of AT and PEs under the assumption that the
duration of the information symbol is sufficient to guarantee
the long-term ergodic properties of the turbulence process.
The instantaneous capacity of the considered DCSK-based
FSO communication system is given by [26, Eq. (8)], [27,
Eq. (8)], [28, Eq. (9)], and [31]:

C = log2

(
1 + RDEbcr,s|I|r

N0

)

= log2

(
1 + cr,s γ

2 M

)
(33)

where cr,s = 1 for HD, cr,s = exp /(2π) for IM/DD, RD =
1/TD = 1/(2MTc) denotes the length of the DCSK frame for
each bit, Tc is the chip-time, and γ = (Eb|I|r)/N0. Without
loss of generality, we assume Tc to be unity [31]. Using (33),
the EC of the considered DCSK-based FSO communication
system is written as follows:

Cec =
∫ ∞

0
log2

(
1 + cr,s γ

2 M

)

×ϕ
2
modA

2rγ

β∑
k=1

bkG
3,0
1,3

(
ϕ2
mod + 1

ϕ2
mod, α, k

∣∣∣∣B
(
γ
μr,s

) 1
r

)
dγ.

(34)
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With the aid of [43, Eq. (07.34.03.0456.01)], we
rewrite (34) as follows

Cec =
∫ ∞

0

1

log(2)
G1,2

2,2

[cr,s γ
2 M

|1,11,0

]

×ϕ
2
modA

2rγ

β∑
k=1

bkG
3,0
1,3

(
ϕ2
mod + 1

ϕ2
mod, α, k

∣∣∣∣B
(
γ
μr,s

) 1
r

)
dγ. (35)

Now, utilizing [43, Eq. (07.34.21.0013.01)], Eq. (35) can be
solved as

Cec = ϕ2
modA rα+k−1

log(2)22r−1π r−1

×
β∑
k=1

bkG
3r+2,1
r+2,3r+2

(
0, 1, l1
l2, 0, 0

∣∣∣∣ 2 M Br

r2rcr,sμr,s

)
, (36)

where l1 and l2 are defined in Eq. (23).

VI. ASYMPTOTIC EC ANALYSIS
For the asymptotic EC analysis, we first expand the Meijer-G
function in (36) in terms of the generalized Hypergeometric
function [10, Eq. (8)], [46, Eq. (10)] using the Slater’s the-
orem [45]. We observe that the argument of the generalized
Hypergeometric function, W → 0 in the high SNR regime
as μr,s → ∞. Then with the aid of [46, Eq. (10)], we write
the asymptotic expression of EC as follows:

Cec = ϕ2
modA rα+k−1

log(2)22r−1π r−1

β∑
k=1

bk

×
3r+2∑
h=1

∏3r+2
j=1 �

(
l4j − l4h

)∗
�
(
1 + l4h − l3j

)
∏r+2

j=2 �
(
l3j − l4h

) W l4h ,

(37)

where W = 2 M Br

r2rμr,s
, l3=[0, 1,

ϕ2
mod+1
r , . . . ,

ϕ2
mod+r
r ] consists

of r + 2 terms, l4 = [
ϕ2
mod
2 , . . . ,

ϕ2
mod+r−1

r , αr , . . . ,
α+r−1

r , kr
, . . . , k+r−1

r , 0, 0] consists of 3r+2 terms. Thus, under high
SNR scenario, as μr,s → ∞, the smallest power of μr,s →
∞ in (37) will dominate. Therefore, the asymptotic slope
of EC is min{ϕ2

mod/r, α/r, k/r}, which is in line with the
asymptotic ABER analysis in Section IV
Remark 6: Let us observe the impact of the PE parameter

(ϕ2
mod) on EC of the considered DCSK-based FSO system.

With an increase in ϕ2
mod, the values of ( 2MB

μ1,s
) and (

ϕ2
modA

2 log(2) )

increase, while the overall term under Gamma function
decreases. Thus, the EC performance improves with the
increase in ϕ2

mod for the considered DCSK-based FSO
system.
Alternatively, to obtain further insights, we utilize a

moments-based approach to obtain asymptotic EC expression
with the aid of [48, Eq. (8) and (9)]. Thus, the asymptotic
EC is written as

Cec ≈ log2

(cr,sμr,s
2M

)
+ ε (38)

where ε = ∂
∂nAF

(n)
γ at n = 0 with AF(n)γ = E[γ n]

E[γ ]n − 1.

We further simplify (38) as follows:

Cec ≈ log2

(cr,sμr,s
2M

)
+ ∂

∂n

(
E
[
γ n
]

E
[
γ
]n − 1

)∣∣∣∣∣
n=0

= ∂

∂n
E
[
γ n
]∣∣∣∣
n=0
. (39)

Now, we use [7, Eq. (20)] into (39) and calculate the first-
order derivative of the nth order moment as follows:

∂

∂n
E
[
γ n
] = r ϕ2

mod A �(r n+ α)

2r
(
r n+ ϕ2

mod

)
Br n

β∑
k=1

bm �(r n+ k)

×
{
r
[
ψ(r n+ α)+ ψ(r n+ k)− log(B)

]
+ log

(cr,sμr,s
2M

)
− r/

(
r n+ ϕ2

mod

)}

×
(cr,sμr,s

2M

) n
, (40)

where ψ(.) denotes digamma function [42, Eq. (6.3.1)].
Finally, we substitute n = 0 in (40) to obtain the asymptotic
EC as given below:

Cec ≈ rA�(α)

2r

β∑
k=1

bk�(k)

×
{
r
(
−1/ϕ2

mod − log(B)+ ψ(α)+ ψ(k)
)

+ log2

(cr,sμr,s
2M

)}
.

(41)

Remark 7: It can be seen from (41) that the asymptotic
expression of EC depends upon the FSO system parameters
such as the considered detection techniques, AT, and non-
zero boresight PE. From (41), we note that the asymptotic
EC contains the DCSK spreading factor term (M) in the
denominator. Therefore, as the spreading factor M increases,
the EC performance degrades. This analysis is also verified
through the numerical results shown in Fig. 10.

VII. AVERAGE SECRECY ANALYSIS
In the presence of an active eavesdropper, the maximum
rate at which information can be transferred securely to a
legitimate receiver is quantified by ASC. The instantaneous
secrecy capacity of the considered DCSK-based FSO system
is defined as C(γB, γE) = max{log2(1 + cr,s γB

2 M ) − log2(1 +
cr,s γE

2 M ), 0}. Therefore, the ASC is expressed as

ASC = E{C(γB, γE)}
=
∫ ∞

0

∫ ∞

0
C(γB, γE)f (γB, γE)dγBdγE

= 1

ln 2

[ ∫ ∞

0
ln
(

1 + cr,sγB
2M

)
fD(γD)

∫ γB

0
fE(γE) dγE dγB

−
∫ ∞

0
ln
(
1 + cr,sγE

)
fE(γE)

∫ ∞

γE

fB(γB) dγB dγE

]
.

(42)

We re-write Eq. (42) in the following alternative form:

ASC = 1

ln(2)
(I1 + I2 − I3) (43)
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where I1, I2, and I3 are defined as follows

I1 =
∫ ∞

0
ln
(

1 + cr,sγB
2M

)
fγB(γB)FγE (γB)dγB, (44)

I2 =
∫ ∞

0
ln
(

1 + cr,sγE
2M

)
fγE (γE)FγB(γE)dγE, (45)

I3 =
∫ ∞

0
ln
(

1 + cr,sγE
2M

)
fγE (γE)dγE. (46)

Substituting (7) and (8) into (44) and utilizing
[44, Eq. (8.4.6.5)], I1 is obtained as

I1 = DBDE

βB∑
k=1

βE∑
m=1

bkBbmE

∫ ∞

0
G1,2

2,2

(
1, 1
1, 0

∣∣∣∣ cr,sγB2M

)

× G3r,0
r,3r

(
l1B − 1
l2B − 1

∣∣∣∣ EBγBμBr,s

)
G3r,1
r+1,3r+1

(
1, l1E
l1E, 0

∣∣∣∣ EEγBμEr,s

)
dγB.

(47)

Using [43, Eq. (21.02.04.0001)], (47) is evaluated in terms
of the extended generalized bivariate Meijer-G function
(EGBMF) given by

I1 = DBDE

βB∑
k=1

βE∑
m=1

bkBbmE

× G3r,0:3r,1:1,2
3r,r:r+1,3r+1:2,2

(
l2B
l1B

∣∣∣∣ 1, l1E
l2E, 0

∣∣∣∣ 1, 1
1, 0

∣∣∣∣ EEμ
B
r,s

EBμEr,s
,
cr,sμBr,s
2MEB

)
.

(48)

The EGBMF in (48) and (49) is plotted using the
MATHEMATICA code provided in [49, Table 2].

Following similar steps for computation of I1, I2 is
calculated as

I2 = DBDE

βB∑
k=1

βE∑
m=1

bkBbmE

× G3r,0:3r,1:1,2
3r,r:r+1,3r+1:2,2

(
l2E
l1E

∣∣∣∣ 1, l1B
l2B, 0

∣∣∣∣ 1, 1
1, 0

∣∣∣∣ EBμ
E
r,s

EEμBr,s
,
cr,sμEr,s
2MEE

)
.

(49)

Finally, I3 is evaluated by substituting the PDF of γE given
by (6) into (46) and utilizing [43, Eq. (07).34.16.0001], as
follows:

I3 = DE

βB∑
k=1

bmEG
3r+2,1
r+2,3r+2

(
0, 1, l1E
l2E, 0, 0

∣∣∣∣ 2MEE
cr,sμEr,s

)
. (50)

On substituting (48)-(50) into (43), the ASC of the consid-
ered system is obtained.

VIII. NUMERICAL RESULTS AND DISCUSSION
In this section, we present a detailed discussion of the
analytical results of the proposed DCSK-based FSO commu-
nication system. The analytical results are plotted by utilizing
the derived expressions presented in the previous section.
Further, we thoroughly investigate and discuss the FSO
system performance under the effect of various parameters.
Unless otherwise stated, the numerical values of the system

FIGURE 6. Comparison of ABER versus SNR for strong AT using IM/DD detection
technique under different boresight conditions.

parameters are set as (α = 2.296, β = 2), kx/R = 1, ky/R =
2 σx/R = 1, σy/R = 2, M = 16, b0 = 0.1079, �′ = 1.3265,
and ρ = 0.596 [4], [7], [8], [17].
In Fig. 5, we depict the ABER of the considered FSO

system as a function of SNR for different AT scenarios.
It is observed that the ABER performance improves on
moving from strong (α=2.296; β=2), moderate (α=4.2;
β=3), and weak (α=8; β=4) AT condition [7], [8]. As
the values of (α, β) are varied from (2.296, 2) to (8, 4),
the value of irradiance parameter σ 2

l decreases from 3.653
to 0.462 resulting in a better ABER performance of the
system. This is because of the fact that larger values of
σ 2
l correspond to the case of stronger turbulence. Moreover,

it can also be seen that the HMD technique performs
better compared to HD and IM/DD techniques. However,
one of the main trade-off is the requirement for a local
oscillator that is phase-locked with the modulated signal
in case of HMD. It is challenging to implement and may
lead to stability issues. Additionally, HMD is sensitive to
the polarization of the signal, which can introduce errors
in the measurement. To obtain some useful insights into
the considered FSO system performance, we compute the
asymptotic ABER as a function of SNR as depicted in
Fig. 5. For strong AT, M = 16 and HD technique case,
the numerical values of ABER are 3.26 × 10−5 and 3.22 ×
10−6 at 60 dB and 70 dB, respectively. The asymptotic
slope or diversity gain is calculated as log10(3.26 × 10−5)-
log10(3.22 × 10−6)=1.0059 ≈ min{ϕ2

mod/r, α/r, k/r}. This
validates the asymptotic expressions derived in Section III.
Following a similar calculation, we can also validate the
asymptotic slope for the other curves.
Figure 6 compares the ABER versus SNR for the consid-

ered DCSK-based FSO communication system under zero
and non-zero boresight conditions. It can be noticed from
the figure that as (kx/R, ky/R) increases from (0, 0) to
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FIGURE 7. Comparison of ABER versus SNR for strong AT and IM/DD detection
technique for different spreading factors of DCSK modulation scheme.

FIGURE 8. Comparison of ABER versus SNR for different modulation schemes.

(1, 2) to (4, 3), the ABER performance degrades thereby
revealing that the effect of non-zero boresight PEs is quite
significant on the FSO system performance. This is due to
the misalignment of the laser beam center with respect to
the central detector plane, which in turn causes an increase
in the fluctuation of the instantaneous SNR.
In Fig. 7, we examine the effect of the DCSK spreading

factor (M) on the ABER performance of the proposed FSO
communication system. It can be seen from the figure that
the ABER performance improves on decreasing the values
of M. For the higher value of M, the transmitted signal will
be difficult to intercept [26], [27], [50].
In Fig. 8, we compare of ABER as a function of SNR

for the different modulation schemes, such as direct spread
binary phase shift keying (DS-BPSK), differential phase
shift keying (DPSK), CDSK, and DCSK. To obtain these
curves, we consider M=32 and IM/DD technique. It can be
noticed from the figure that the DCSK modulation scheme

FIGURE 9. Comparison of EC versus SNR for different boresights.

FIGURE 10. Comparison of EC versus SNR for different DCSK spreading factors.

outperforms the DS-BPSK and CDSK schemes. It can also
be seen that the DPSK scheme performs better than DCSK.
However, DPSK is a non-spread spectrum-based keying
technique. Therefore, it provides poor data security compared
to DCSK.
In Fig. 9, we show a comparison plot of EC versus SNR

for the different boresight PE parameters for a fixed, M=32
and IM/DD technique. It can be seen from the figure that
as the boresight value increases from (0,0) to (4,3), the EC
performance degrades. This occurs due to a misalignment
between the center of the laser beam and the receiver detector
plane, resulting in an increase in the fluctuation of the
instantaneous SNR at the receiver.
Figure 10 presents the EC versus SNR for the different

DCSK spreading factors and HD and IM/DD detection
techniques. It can be noticed from the figure that EC
improves with the increase in SNR. The figure shows that as
the value of the DCSK spreading factor (M) decreases, the
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FIGURE 11. Comparison of the ASC versus SNR for different boresight PEs under
strong AT with DCSK spreading factor (M=32).

EC performance improves. This observation is also justified
through the analysis in Remark 7. This result reveals that the
DCSK spreading factor, M plays a crucial role to impact the
performance of the DCSK FSO system on the DCSK FSO
system. We also note that the asymptotic EC curves match
very closely with the analytical EC curves which verifies
our asymptotic analysis in Section VI.
In Fig. 11, we compare the effect of the boresight

on the ASC of the considered system in the presence
of an eavesdropper for fixed jitter σx/R = 1 and
σy/R = 2, different boresight PEs kx/R, ky/R = {0, 0}
to {4, 3}, spreading factor (M=32), strong AT, μEr,s =
15 dB, and IM/DD technique. It can be noticed that
as kx/R, ky/R increases the ASC performance degrades.
These results show that the effect of nonzero boresight
PEs is significant on DCSK-based FSO system secrecy
performance.

IX. CONCLUSION AND FUTURE SCOPE
In this research work, we have presented the performance
analysis of the FSO-based DCSK communication system,
which was evaluated over AT and non-zero boresight
PEs. Further, we derived an approximate ABER expres-
sion for the proposed system and compared it with the
exact expression to verify the accuracy of the derived
expressions. The resulting expressions are essential for
understanding the effect of distinct AT conditions, detection
techniques, and PEs on the performance of DCSK-based
FSO systems. We perform an exhaustive asymptotic analysis
for the considered communication system. We also analyzed
the impact of different spreading factors and non-zero
boresight PEs on the EC of considered communication
systems. A comprehensive physical layer security analy-
sis of DCSK-based FSO communication systems is not
available in literature which will be explored in our future
work.
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