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Abstract This paper focuses on improving the efficiency 
of free-space optical (FSO) communication by employing 
a combination of hybrid on–off keying (OOK) modulation, 
M-ary digital pulse position modulation (M-ary DPPM), and 
M-pulse amplitude and position modulation (M-PAPM). 
The study aims to analyze and enhance the bit-error-rate 
(BER) performance using techniques such as the moment 
generating function, modified Chernoff bound, and Gauss-
ian approximation, while taking into account challenges like 
amplified spontaneous emission (ASE) noise, atmospheric 
turbulence (AT), pointing errors (PEs), and interchannel 
crosstalk (ICC). The proposed system model revolves around 
a passive optical network (PON) that utilizes wavelength 
division multiplexing (WDM) for dense WDM (DWDM), 
with a focus on the hybrid fiber FSO (HFFSO) link. By uti-
lizing eight wavelength channels transmitting at a rate of 2.5 
Gbps over a turbulent HFFSO-DWDM system and PON-
FSO optical fiber, starting at a 1550 nm channel spacing in 
the C-band of 100 GHz, the research demonstrates success-
ful 20 Gbit/s–4000 m transmission with promising results. 
To enhance performance, the modulation technique of 
M-ary DPPM-M-PAPM is used to provide additional infor-
mation bits. The integration of adaptive optics is also sug-
gested to mitigate the effects of atmospheric turbulence and 
improve modulation efficiency. The study reveals that the 
proposed M-ary hybrid DPPM-M-PAPM solution increases 
receiver sensitivity compared to OOK, ensuring reliability 
and achieving a lower power penalty of 0.2–3.0 dB at a low 

coding level (M) of 2 in WDM-FSO systems under weak 
turbulence conditions. The hybrid OOK/M-ary DPPM-M-
PAPM modulation scheme offers an optical signal-to-noise 
ratio ranging from 4 to 8 dB in the DWDM-HFFSO link 
under conditions of strong turbulence, aiming for a target 
BER of 10−12 . Numerical findings suggest that this approach 
can be further optimized by combining hybrid OOK/M-
DPPM and M-PAPM for DWDM-HFFSO systems. Cal-
culations indicate that PAPM-DPPM outperforms OOK 
non-return-to-zero (NRZ) by approximately 10 dB to 11 dB 
at a BER of 10−12 . Incorporating an aperture diameter of 
10 cm and an average transmitted optical power of 13 dBm, 
along with aperture averaging, M-ary hybrid DPPM-M-
PAPM, and spatial diversity, results in the average spectral 
efficiency performance at 53 bit/s/Hz and 38 bit/s/Hz with-
out and with PEs, respectively. Utilizing a coding level of 
5 and aiming for a BER of 10−12 , M-ary DPPM-M-PAPM 
offers about a 9 dB sensitivity improvement over the OOK-
NRZ FSO system. Achieving a BER target of 10−12 , DPPM 
enhances sensitivity by approximately 10–11 dB compared 
to DWDM-FSO OOK-NRZ, Simulation results affirm the 
viability of the proposed hybrid optical modulation tech-
nique for DWDM-FSO hybrid links in both optical-wire-
less and fiber-optic communication systems, significantly 
enhancing their overall efficiency. To further improve per-
formance, the paper suggests the integration of adaptive 
optics to mitigate the effects of atmospheric turbulence and 
enhance modulation efficiency. The proposed M-ary hybrid 
DPPM-M-PAPM solution contributes to increased sensi-
tivity and lower power penalty, particularly at low coding 
levels, demonstrating its potential for DWDM-FSO systems. 
Numerical findings suggest that this approach can be further 
optimized for enhanced spectral efficiency and sensitivity 
over traditional modulation schemes. By leveraging the 
M-ary DPPM-M-PAPM modulation technique and adaptive 
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optics, the study demonstrates improved receiver sensitivity 
compared to traditional OOK modulation, ensuring robust 
performance under varying atmospheric conditions. Numer-
ical findings indicate significant enhancements in system 
performance metrics, offering a promising solution for opti-
mizing DWDM-FSO communication systems in challenging 
environments. Finally, the adoption of hybrid OOK/M-ary 
DPPM-M-PAPM modulation schemes represents a novel 
strategy for mitigating effects of AT, PEs, ASE, and ICC in 
DWDM-FSO optical fiber communication systems.

Keywords DWDM-FSO/PON optical fiber network 
communication systems · hybrid OOK/M ary DPPM-
M-PAPM · ASE noise · Interchannel crosstalk (ICC) · 
Modified Chernoff bound · Pointing errors (PEs)

Introduction

The modulation schemes, such as Pulse Position Modula-
tion (PPM) and Digital PPM (DPPM), showcase excep-
tional performance capabilities in various settings, includ-
ing free-space optical (FSO) transmission links [1, 2]. 
These schemes are widely applied in diverse scenarios like 
FSO links, hybrid fibers, optical wireless communication 
(OWC), subsequent FSO systems, satellite-to-satellite con-
nections, atmospheric turbulence (AT), interchannel cross-
talk (ICC), and indoor wireless channels [1–3]. DPPM 
modulation boosts power efficiency without the neces-
sity of continuous monitoring of decision-making circuit 
thresholds [4, 5]. Extensive experimentation has been con-
ducted on hybrid fiber/FSO (HFFSO) systems and OWC 
platforms [5–9], with research indicating that DPPM and 
PPM schemes surpass on–off keying (OOK) in terms of 
sensitivity and power efficiency in the HFFSO link. The 
exploration of M-pulse amplitude and position modulation 
(M-PAPM) for both pulse amplitude modulation (PAM) 
and PPM has been crucial in the realm of optical fiber 
(OF) communications [5–8]. M-PAPM excels in delivering 
high efficiency and sensitivity in FSO communication due 
to its dispersion-free nature [1, 5, 8]. To accommodate the 
escalating bandwidth demands for higher data rates in OF, 
AT, OWC, and indoor networks [8–15], suggestions have 
been made to implement wavelength division multiplexing 
(WDM) techniques and dense WDM (DWDM) systems. 
The integration of WDM technology in HFFSO, OWC, 
and hybrid OF/multiple networks holds promise in crafting 
high-performance systems with solutions for bandwidth 
optimization, capable of long-range transmission, higher 
bit rates, advanced technology, and enhanced data security 
for WDM passive optical networks (WDM-PON) [8, 9, 13, 
16]. The research presented in this paper delves into the 
enhancement of free-space optical communication systems 

by implementing a novel approach combining hybrid 
OOK modulation, M-ary digital pulse position modula-
tion (M-ary DPPM), and M-PAPM. The primary objec-
tive is to improve the bit-error-rate (BER) performance 
considering challenges like amplified spontaneous emis-
sion (ASE) noise, AT, pointing errors (PEs), and ICC. By 
utilizing innovative techniques such as the moment gen-
erating function, modified Chernoff bound, and Gaussian 
approximation, the study aims to boost system efficiency 
and reliability in DWDM-FSO PON communication sys-
tems. The use of techniques such as moment generating 
functions (MGF), Chernoff bound (CB), Gaussian approxi-
mations (GA), and modified Chernoff bound (MCB) has 
been pivotal in addressing ASE in FSO transmission links 
and establishing upper limits on BER [5, 8, 9, 17–20]. Fur-
thermore, the incorporation of adaptive optics (AO) and 
compensation techniques has been recommended to miti-
gate the impact of AT and enhance system performance 
[17]. The principal contributions outlined in the research 
encompass the utilization of M-ary DPPM-M-PAPM 
modulation to enhance efficiency by delivering additional 
bits, integrating AO to diminish ICC interferences and bol-
ster reliability, achieving favorable BER outcomes with 
reduced complexity, providing theoretical BER expres-
sions and simulation results for M-DPPM-M-PAPM 
modulation schemes in WDM-PON/HFFSO scenarios, 
and proposing hybrid OOK/M-ary DPPM-M–n-PAPM 
and AO strategies to enhance performance and efficiency 
in receivers of WDM-HFFSO systems through OOK non-
return-to-zero (OOK-NRZ) modulation. By concentrating 
on improving power penalty (PP) performance and system 
efficiency for WDM-HFFSO systems, optical-wireless net-
works, and fiber-optic communication systems, the study 
aims to deliver substantial advancements. The research 
enhances hybrid OOK/DPPM-M-PAPM techniques to 
boost signal-to-noise ratios (SNRs) in HFFSO systems 
amid AT effects, ICC, and ASE. This enhancement is 
outlined in prior works [9] (http:// eprin ts. notti ngham. 
ac. uk/ 13304/1/ Alade lobaA bisay oThes is. pdf). We make 
the following contributions to this research. This meth-
odology encompasses key aspects such as: (1) Advance-
ment in Modulation Techniques: The paper introduces 
hybrid modulation approaches combining M-ary DPPM 
M-PAPM. This novel combination aims to enhance BER 
performance, crucial for improving the reliability and effi-
ciency of communication systems. (2) Robustness Against 
Environmental Challenges: The study focuses on systems 
operating under adverse conditions such as atmospheric 
turbulence, pointing errors (PEs), ASE noise, and inter-
channel crosstalk. These factors commonly degrade sys-
tem performance, and the proposed modulation and system 
design aim to mitigate these effects efficiently. (3) Realistic 
and Scalable System Design: By analyzing systems under 
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realistic environmental conditions and proposing solutions 
applicable to DWDM systems, this research moves towards 
practical, scalable solutions for real-world optical com-
munication networks. (4) Improved System Performance: 
The proposed system model shows enhanced performance 
metrics like receiver sensitivity and reduced power pen-
alty, important for increasing the distance and quality of 
FSO communications. The study further refines calcula-
tions and evaluations to mitigate AT, PE, and ASE noise. 
In summary, this research lays the foundation for a more 
efficient and reliable communication system for DWDM-
FSO PON networks, addressing key challenges such as 
AT, PEs, ASE noise, and ICC. The proposed modulation 
schemes and system design hold promise in improving sys-
tem performance metrics like receiver sensitivity, PP, and 
overall efficiency, making significant strides in the realm 
of optical communication networks. The paper is struc-
tured as follows: "System description" Section outlines the 
proposed PON/WDM-HFFSO optical fiber communica-
tion system, "M-ary hybrid DPPM-M-PAPM modulation" 
Section details the M-ary DPPM-M-PAPM model for the 
hybrid WDM-PON/HFFSO link, "Adverse atmospheric 

channel" Section analyzes AT channel effects, "Results 
and discussions" Section presents numerical results, and 
"Practical implications and applications" Section draws 
conclusions for the study.

System description

In the system overview provided, slots of length t
s
= MT

b
∕n 

in DPPM frames are determined by n = 2
M , where T

b
=1∕R

b

 
denotes the bit cycle, R

b

 represents the data rate, and M 
signifies the coding level (CL) [9]. Among the challenges 
faced by the HFFSO-PON systems are ASE noise (ASEN), 
beam-spreading, beam-absorption, attenuation, ICC, and 
splitting losses at the OBPF/demux for optical signals (OSs) 
as depicted in Fig. 1a. The system, simulated using MAT-
LAB software (2020) via Monte-Carlo simulations, utilizes 
eight channels of WDM-DWDM starting from 1550 nm over 
single-mode fiber with a 100 GHz channel spacing in the 
C-band of the ITU. Results showcase a 20 Gbit/s—4000 m 
transmission with favorable performance due to the com-
bination of 2.5 Gbps data rate across 8 channels [21]. 

Fig. 1  System design for 
an 8-channel PON-DWDM-
HFFSO accommodating OOK-
NRZ/M-ary DPPM-M-PAPM 
in conditions of moderate 
turbulence (MT), strong turbu-
lence (ST), and weak turbulence 
(WT): a presents the suggested 
framework for assessing ICC, 
while b depicts the receiver sys-
tem schematics. This represen-
tation is adapted from [5, 9, 21]
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Investigation revolves around the transmission of eight-
wavelength channels over turbulent HFFSO links using the 
WDM technique, with a proposed feeder fiber path length of 
20 km for the system model [8, 15, 21] (http:// eprin ts. notti 
ngham. ac. uk/ 13304/1/ Alade lobaA bisay oThes is. pdf). Optical 
amplifiers (OAs) are deployed to enhance the device model 
post the receiver collection lens (RCL) to reduce inter-
channel crosstalk in the system. The setup involves M-ary 
DPPM transmissions over OA and OBPF, converting OS to 
electrical signals at the receiver’s end, comprising elements 
such as a photodetector (PD), an electric amplifier, a filter, 
and decision circuitry alongside AO for modulation. The 
proposed system integrates hybrid pulse modulation/M-ary 
DPPM-M-PAPM for DWDM-FSO and hybrid optical fiber 
operation in turbulent atmospheric channels, transmitting 
information as a sequence of DPPM-M-PAPM pulses [21]. 
Specifically, the modulated signal from the M-ary DPPM-
M-PAPM configuration is connected to OA and OBPF to 
produce M-ary DPPM-M-PAPM output, as shown in Fig. 1b 
[5, 9, 21]. For calculations, it is assumed that the loss of the 
signal multiplexer (mux) / demultiplexer (demux) does not 
exceed 3.5 dB [8, 15].

M‑ary hybrid DPPM‑M‑PAPM modulation

Within this section, the MGF-based random variable (RV) 
characterizing the current Y

sig
(Δt) is explored, where sig ∈ 

{0, 1} corresponds to whether pulses are transmitted or not 
for the signal pulses. Here, Δt represents the duration of the 
crosstalk pulse, which can be expressed as [5, 9, 19, 21–24]:

where Δt = t
s

 when aligning with the signal (OS) slots, 
otherwise t

1
 or t

2
 , and Δt = 0 signifies no crosstalk in the 

slot. Additionally, the strengths of the DPPM-PAPM pulse 
and ICC pulse are denoted as P

tr

 and P
tr

 respectively for the 
hybrid modulation techniques over the FSO link. The term 
R� = �∕hvi , � is the PD quantum efficiency, vi , ν are the opti-
cal frequencies of ICC wavelengths and signal respectively, 
h represents Planck’s constant, and q is the electron charge 
[5, 8–10, 21, 25–30]. N

o
= 0.5(NF × G − 1)hv is the OA 

power spectral density (PSD) at the single polarization ASE 
noise (ASEN).NF and G are the noise figure and OA gain 
G respectively, L = B

o
m

t
t
s

 represents the system modes for 
the spatial and temporal approach [2, 8, 9, 31–38], B

o

 stands 
for the optical noise bandwidth for the demux channel and 
m

t

 denotes the quantity of ASEN states. N
o_XT

 characterizes 
the PSD-ASEN at the PD and the signal-to-crosstalk ratio 
C
XT

= P
tr
∕P

XT

 . The total MGF for Gaussian zero-mean, 

(1)MY
sig
(Δt)(s) = {

R�G
(

esq∕ts − 1
)

∫
ts
sigPtr(t)dt

1 − R�No

(

esq∕t − 1
) }

exp{
R�

i
G(e

sq∕ts
−1) ∫

Δt
PXT (t)dt

1−R�

i
No

−
XT (e

sq∕ts
)

}

[

1 − R�No

(

esq∕ts − 1
)]

including the thermal noise variance (TNV) is calculated 
as [5, 9, 21, 31–38]

where σ2
th−M−aryDPPM

 is the TNV for M-ary DPPM-PAPM. 
The averages and standard deviations are provided as [5, 9]

The symbol error probability (SER) is received in the exist 
of ICC P

ws(I
i−
r
i
)

where X
j

 denotes the non-signal slot X
o

(

Δt
j

)

 and Δt
j

 is the 
j
th (empty) slot overlap with the ICC. Using the GA, the 

expression P
{

X
o

(

Δt
j

)

> X
1
(Δt)

}

 is explained from [1, 2, 
5, 9, 10, 21, 25]

In the proposed CB, we have fixed threshold Tth 
and the general form for RV (X) variable and a is 
P

(

X > T
th

)

≤ E

{

exp

[

s

(

X − T
th

)]}

 , s > 0

For the MCB [2, 5] of two RVs for X
o

(

Δt
j

)

 and X
1
(Δt) , 

P

�

X > T
th

�

≤ M
X
(s)e

−sT
th
∕sσ

th

√

𝜋 [5, 9, 10]. Modifying this 
inequality for the difference of RVs s for X

o

(

Δt
j

)

 and X
1
(Δt) 

which both have the same TNV then [21]

The SER for MDPPM-MPAPM frames in the exist of ICC 
is written as [1, 9, 10, 21]

(2)M
Y

sig
(Δt)

(s) = M
Y

sig
(Δt)

(s)exp

(

s
2
σ

2

th−DPPM−PAPM

2

)

(3)�Y
sig
(Δt)(s) =

LR�qNo

ts
+ R�Gq

(

sigPtr

PXTΔt

ts

)

(4)
�2

Xsig(Δt)
= �2

th−DPMM−PAPM
+

(

LR�q2No

(

1 + R�No

)

t2
w

)

+ R�Gq2
[

(

1 + 2R�No

) sigPtr

ts

]

+ R�Gq2
[

(

2R�

i
NoXT

)PXTΔt

t2
w

]

(5)P
ws(I

i
−r

i
)
≥

n

∏

j≠sigslot

P

(

X
1
(Δt) > X

j

)

(6)

P
�

Xo

�

Δtj
�

> X1(Δt)
�

= 0.5erfc

⎛

⎜

⎜

⎜

⎜

⎝

𝜇X1(Δt)
− 𝜇X0(Δtj)

�

2
�

𝜎2
X1
(Δt) + 𝜎2

X0

�

Δtj
�

�

⎞

⎟

⎟

⎟

⎟

⎠

(7)
P

{

X
o

(

Δt
j

)

> X
1
(Δt)

}

≤ M
X

1(
Δt)

(−s)M
X

0(
Δt)

(s) (s > 0)

(8)P

�

X
o

�

Δt
j

�

> X
1
(Δt)

�

≤
M

X
1(
Δt)

(−s)M
X

0(
Δt)

(s)

2sσ
th

√

π

(9)
P
we(Is

−r
s)

≤ 1 −
[

1 − P

{

X
o
(0) > X

1(
Δt)

}]n−1(Is−rs)
[

1 − P
{

X
o

(

t
s

)

> X
1(
Δt)

}]

I
s
−r

s
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where and I
s

 , r
s

 are the numbers of ICC system of duration 
t
s

 occurring in the frame and signal pulse respectively [38],

where I
1
, I

2
 , and r

1,
r
2
 represent the ICC duration t

1
 , t

2
 

Ẍ = I
s
− r

s

 . The bit error rate (BER) when there is no ICC 
is described as [21]

The BER is computed as:

For the BER calculation, it is expressed as:

Regarding the calculated BER, it is determined as [1, 
2, 5–10, 21, 25, 31–38]:

In the presence of ICC, the overall BER of the M-ary-
DPPM-M-PAPM is derived from Eqs. (13) and (14) [1, 
2, 21, 25]:

Adverse atmospheric channel

The scintillation effects are influenced by differences in 
the air, variations in the refractive index structure (RIS) 
C
2

n

 , and the Earth’s surface temperature [5, 8, 21]. These 
research findings focus on the probability density func-
tion (pdf) of the Gamma-Gamma (GG) model [5, 8–10, 
21, 25–30].

(10)
P
we(I1,I2−r1,r2)

≤ 1 −
[

1 − P

{

X
o
(0) > X

1(
Δt)

}]

n−1−Ẍ[

1 − P

{

X
o

(

t
1

)

> X
1(
Δt)

}]

I1−r1
[

1 − P

{

X
o

(

t
2

)

> X
1(
Δt)

}]

I2−r2

(11)
BER

I
S

(

n
1

)

= p
f(Is)

(

n
1

)

=

n

2(n − 1)
×

(

p
f(Is)

(1)P
we(Is

−1)
+ p

s(Is)
(0)P

we(Is
−0)

)

(12)BER=

1

n

n

∑

n
1
=1

2
∑

I
s
=0

BER
I
S

(

n
1

)

(13)BER

(

n
1

)

= p
f(0,0)

(

n
1

)

n

2(n − 1)
P
we(0,0_0,0)

(14)

BER
I1,I2

�

n
1

�

=

1

n

t
s

�

t1=tc

p
f(I1,I2)

�

n
1

�

n

2(n − 1)

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�

p
s(I1,I2)

(1, 0)P
we

�

I1,I21,0

�

�

+

�

p
s(I1,I2)

(0, 1)P
we

�

I1,I2
0,1

�

�

⎫

⎪

⎪

⎬

⎪

⎪

⎭

+ p
s(I1,I2)

(0, 0)P
we

�

I1,I2
0,0

�

(15)

BER
M−ary−DPPM−M−PAPM

=

1

n

n

�

n1=1

⎧

⎪

⎨

⎪

⎩

BER

�

n
1

�

+ BER
0,1

�

n
1

�

+ BER
1,0

�

n
1

�

+

2
∑

I1=1

�

BER
I1,1

�

n
1

�

+ BER
I1,2

�

n
1

�

�

⎫

⎪

⎬

⎪

⎭

(16)

P
GG

�

hZ
�

=

2(𝛼𝛽)(
𝛼+𝛽)∕2

Γ(𝛼)Γ(𝛽)
hZ

((𝛼+𝛽)∕2)−1K𝛼−𝛽

�

2

√

𝛼𝛽

�

;hZ > 0,

where h
Z

 represents the total attenuations due to the signal 
(

h
sig

)

 and interfering 
(

h
int

)

 and pointing errors. � and � refer 

to the scattering mechanisms of the influence of large and 
small-eddies, respectively, Γ(∙) is the gamma function, and 
K

n
(∙) is the modified second kind Bessel function [8–10, 21].

Here, d symbolizes the normalized RCLs [8–10, 21, 26, 
29] and D

RX

 is the RCL diameter C2

n

 is the RIS constant, l
fso

 
is the free-space distance, k = 2�∕� is the wave-number, and 
λ is the wavelength [21, 25, 26, 30–36]. The Rytov variance 
(RVAR) σ2

R

 signifies the various AT regimes within the GG 
pdf. If σ2

R

> 1 , the ST model is utilized; if σ2
R

≈ 1 , the MT 
model is applied, and σ2

R

< 1 , the WT model is used [8–10, 
25]. Additionally, in instances of saturated turbulence where 
σ

2

R

→ ∞ as described in [8–10, 21, 36–42].

When introducing the Gaussian receiver TNV, the overall 
MGF is derived [5–10, 17, 21, 31–38].

T h e  t h e r m a l  n o i s e  M G F ,  g i v e n  b y 
M

th
(s)M

Y
j

= exp

(

�2

th
s2∕2

)

 , is calculated where �2
th

 represents 
the TNV at the decision circuit [17, 30, 36] (http:// eprin ts. 
notti ngham. ac. uk/ 13304/1/ Alade lobaA bisay oThes is. pdf). 
The BER for a given irradiance I is expressed as [5–10, 17, 
21, 31–38].

The probabilities P (1|0, I) describe the likelihood of 
receiving a specific signal given the transmission and irra-
diance [5–10, 17, 21, 31–38].

(17)� =

⎧

⎪

⎨

⎪

⎩

exp

⎡

⎢

⎢

⎢

⎣

0.49�2

R
�

1 + 0.65d2 + 1.11�
12∕5

R

�7∕6

⎤

⎥

⎥

⎥

⎦

− 1

⎫

⎪

⎬

⎪

⎭

−1

(18)� =

⎧

⎪

⎨

⎪

⎩

exp

⎡

⎢

⎢

⎢

⎣

0.51�2

R

�

1 + 0.69�
12∕5

R

�

−5∕6

1 + 0.9d2 + 0.62d2�
12∕5

R

⎤

⎥

⎥

⎥

⎦

− 1

⎫

⎪
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(22)BER(I) =

1

2
[P(1|0,I) + P(0|1,I)],
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These probabilities are defined based on the decision thresh-
old i

D

 (I). The CB defines the upper boundary for the BER as

where M
Z
0
(s, I) and M

Z
1
(s, I) are given by Eq. (21). The set-

ting of s is a very small accuracy power [5–10]. By replac-
ing the optical link length z withl

fso

 , the beam-width of a 
Gaussian beam wz due to the AT effects increase with the 
link lengthz = l

fso

 , and it is given as [5–10, 17, 21, 31–38]

where w
0
 is the minimum value of w

z

 at a point (z = 0) and 
zL = �w2

0
∕2 is called the Rayleigh range. The combined pdf 

due to PE and geometric spread (GS) are represented as 
[5–10, 17, 31–38]

where h
p

 signifies attenuation attributable to GS and PE, 
� = wzeq

∕2�PE , represents the impact of jitter-induced PE at the 
receiver characterized by �PE , w2

zeq
= w2

z

√

�erf (v)∕2vexp
�

−v2
� 

denoting the equivalent beam-width square [17, 21, 31–38], 
A0 =

[

erf (v)
]2 denotes the portion of power collected with 

zero  radia l  d isplacement  [30,  32,  36] ,  and 
v =

�

√

�rRX

�

∕

�
√

2wz

�

 [31–38]. The combined pdf due to 
AT, PE, and GS is given as [5–10, 17, 31–38]

where h
tot

= h
a
h
p

 and p
PE

 is the probability distribution for 
PE conditioned on h

a

 , such that [5–10, 17, 31–38]

On substituting Eqs. (16) and (29) into Eq. (30), the 
combined pdf can be re-written as [5–10, 17, 21, 31–38]

The DPPM BER is given by [5–10, 17, 31–38],

(23)
P(1|0, I ) = P

(

io(I) > iD(I)
)

≤ exp

(

−s
0
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)
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, s
0
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(24)
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(I) =
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where the symbol error probability P
ws

(

h
turb

,P
)

= 1 − P
we

(

h
turb

,P
) 

is bounded by 
{

X
tr
> X

1

}

, ...,
{

X
tr
> X

j

}

, ...,
{

X
tr
> X

n

}

 
[5–10, 17, 21, 31–38]

Then P
we

(

h
turb

,P
)

 can be expressed as [5–10, 17, 31–38]

Assuming that the random variables X
tr

 and X
f

 are Gauss-
ian [31–38], the GA expression formula for P

we,GA

(

h
turb

,P
)

 
is derived by employing Eq. (33) [5–10, 17, 21, 31–38]

The general formula for the MCB is expressed as 
P(X > 𝜑) ≤ exp(−s𝜑)MX(s)∕s𝜎th

√

2𝜋 , where � is a constant 
and X involves the variance �2

th

 [5–10, 17, 31–38].

This MCB expression (Eq. 37) is then combined with 
Eq. (33) to calculate P

we,MCB

(

h
turb

,P
)

 [5–10, 17, 31–38]

The overall DPPM BER is provided by [5–10, 17, 31–38]

where BER
Z

(

h
turb

,P
)

 involves the BERs derived from 
Eq.  (31) using the P

we

(

h
turb

,P
)

 boundar ies from 
Eqs. (34), (36) and (38) (Z = GA, CB, and MCB) [5–10, 
17, 30–38].
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Results and discussions

The outcomes and discussions are presented in Table 1, dis-
playing the recommended system model parameters along-
side values extracted from multiple references [2, 38] (http:// 
eprin ts. notti ngham. ac. uk/ 13304/1/ Alade lobaA bisay oThes 
is. pdf) used in establishing the system architecture. The 
proposed design parameters are listed in Table 1, accompa-
nied by an examination of how turbulence impacts system 
performance, particularly concerning OOK-M ary-DPPM 
modulation in relation to M-ary DPPM-PAPM and other 
atmospheric conditions. Figure 2 illustrates the significant 
impact of atmospheric turbulence (AT) when the channel 
BER is high, with both MCB and CB exhibiting similar 
trends, albeit with an increase in AT strength as referenced 
[9, 10, 39–42]. Graphs depicting CB and MCB show varia-
tions from the general pattern observed in Ref. [38], where 
G = 27 dB, contrasting with the current work displaying 
G = 30 dB concurrently with the ICC showcased in Fig. 3. 
Specifically, for M = 2 and G = 8 dB, the current study pre-
sents outputs related to MCB, CB, and GA. At low G levels, 
MCB closely aligns with GA, as depicted in Fig. 3a, while 
at higher gains, it approximates CB more closely, with the 
decrease in ASEN impacting the TNV results. Additionally, 
GA outperforms CB and MCB when the ICC is absent at 
high G levels, extending the coding level (CL) and band-
width of the DPPM-PAPM receiver concerning the noise 
equivalent. Furthermore, the GA margin proves more exten-
sive than the MCB of PAPM-M-DPPM. The corresponding 
output of MCB, CB, and GA for G = 8 dB with M = 2 is 
shown in Fig. 3b, aligning with the validated findings in 
Ref. [38]. Notably, MCB mirrors GA at lower G values but 
diverges towards CB as ASEN decreases, thereby influenc-
ing TNV outcomes [39–42].

In the scenario of BER targets at levels of 10−12 , the 
methods of MCB, CB, and GA were employed for ST 
and WT using MCB, CB, and GA. This involved config-
uring the receiver sensitivity (RS) for G = 30.6 dB and 

l
fso

 = 1500 m [2, 9, 36] as indicated in Fig. 4a and b. 
Results depicted RS values of -51.49 dBm (CB), -51.59 
dBm (MCB), and -50.53 dBm (GA), showcasing enhance-
ments and optimizations achieved in [2, 9, 36]. Addition-
ally, for G = 30 dB and (l_{fso}) = 2500 m at the same 
BER target of 10−12 , RS values of -51.49 dBm (CB), 
-51.56 dBm (MCB), and -50.25 dBm (GA) were presented 
[Proposed work]. Figure 5 displays the performance of 
BER against Optical Signal-to-Noise Ratio (OSNR) in 
decibels for the DWDM-PON/HFFSO link employing a 
combination of OOK/M-ary DPPM and M-PPM under 
the configuration with CL M = 5, l

fso

 = 4000 m, and D
RX

 
= 25 mm for ST. The hybrid OOK/M-ary DPPM-PAPM 
method demonstrates enhancements of approximately 
4 dB, 6 dB, and 8 dB in OSNR compared to the respective 
3-DPPM, 4-DPPM, and 5-DPPM schemes of ST within the 

Table 1  System parameters were employed in the computational analysis presented in references [2, 38] (http:// eprin ts. notti ngham. ac. uk/ 
13304/1/ Alade lobaA bisay oThes is. pdf) and [Proposed Work]

Parameters Description Ref. [2] (http:// eprin ts. notti ngham. ac. uk/ 
13304/1/ Alade lobaA bisay oThes is. pdf)

Ref. [38] [Proposed work]

R
b

Data rate 2.5 Gbps 2.5 Gbps 2.5 Gbps
B
o

Demux OBPF bandwidth 80 GHz 76 GHz 80 GHz
�sig Wavelength 1550 nm 1550 nm 1550 nm
η Quantum efficiency 0.75 0.9 1
G OA gain 30.6 dB or 8.8 dB 27 dB or 8 dB 30 dB or 8 dB
NF OA noise figure 4.77 dB [2] 4.77 dB [2] 4.77 dB [2]
l
fso

Maximum FSO link length 1000 m and 1500 m 1000 m and 1500 m 1500 m—4000 m
m

t
ASE noise polarization states 2 2 2
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-10

10
-5

10
0

Average Received Irradiance at RCL Input Normalized to 1mW/m2 [dB]

B
E

R

GA, No turbulence
MCB, No turbulence
GA, WT using log-normal
CB, WT using log-normal 
GA, WT using GG
CB, MCB, WT using GG

Fig. 2  The BER plotted against average irradiance [dB] for scenarios 
no turbulence (NT) and with atmospheric turbulence using the GG 
model and log-normal distribution
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DWDM-HFFSO fiber network at a specified BER level of 
10−12 . It was noted that ST without the hybrid OOK/M-ary 
modulation approach required higher power levels due to 
the influence of AT effects, ICC, and ASE noise to achieve 
a comparable BER performance when contrasted with ST 
using the hybrid OOK/M-ary DPPM strategy, as depicted 
in Fig. 5. This indicates that the hybrid modulation scheme 
OOK/M-ary DPPM-PAPM, based on WDM-HFFSO com-
munication, is favored for ensuring enhanced efficiency 
and superior performance in our design. The target BER 
of 10−10 is achieved for values of (m ≥ 100), while the 
BER significantly deteriorates at higher ICC and lower CL 
values for (m ≤ 100), as illustrated in Fig. 6. For a target 
BER of 10−9 , the analysis of DPPM PP for ICC (M = 2) is 
compared to OOK, as shown in Fig. 7. The M-DPPM-M-
PAPM combination demonstrates lower PP values than 
OOK. The enhancement in PP due to M-DPPM-M-PAPM 

is magnified as the CL number advances from (M = 1) to 
(2) and with the influence of ICC sources [5, 8, 9, 42–52]. 
The proposed M-ary DPPM-M-PAPM technique boosts 
receiver sensitivity in WDM-M-HFFSO systems com-
pared to OOK-NRZ, resulting in improved reliability and 
a reduced PP ranging from 0.2 to 3.0 dB for WT. Failing 
to adapt to achieve a BER of 10−12 led to a 4 dB decrease 
in OSNR due to modulation techniques, as demonstrated 
in Fig. 8.

Compared to the hybrid OOK/M-ary DPPM, the M–n-
PAPM requires an additional 0.3 dB of power. The study 
illustrates that enhancing the proposed hybrid OOK/M-
DPPM and M–n-PAPM models for WDM-FSO systems is 
feasible [50–56]. Table 2 delineates the suggested modu-
lation strategies of MPPM, M-ary-PAPM, and the com-
bined M-ary PAPM-MPPM with the hybrid k-level n-pulse 
where kn (with k ∈ {1, 2, …}) [2, 8, 9, 21, 38, 46] (http:// 
eprin ts. notti ngham. ac. uk/ 13304/1/ Alade lobaA bisay oThes 
is. pdf). Figure 9 depicts BER vs. the average RCL power 
input (dBm), D

RX

 = 25 mm for M-ary DPPM and OOK for 
NT and (a) WT (b) MT and (c) ST for M-ary DPPM and 
G = 30 dB, M = 5. Achieving a BER target of 10−12 , DPPM 
enhances sensitivity by approximately 10–11 dB compared 
to OOK-NRZ, as evidenced in Fig. 9a [2, 9, 10, 21, 38–43, 
52–58] (http:// eprin ts. notti ngham. ac. uk/ 13304/1/ Alade 
lobaA bisay oThes is. pdf). When experiencing a deficit in 
the AT, DPPM’s overall sensitivity declines to about 10 dB 
(WT), 8 dB (MT), and 8 dB, respectively (ST). The OOK-
NRZ-based FSO system demonstrates an improvement of 
around 7–9 dB over the DPPM scheme, as portrayed in 
Fig. 9b [2, 9, 21]. With an AT deficiency, DPPM’s sensitiv-
ity is reduced to about 7 dB (WT), 8 dB (MT), and 8 dB 
(ST) [2, 9, 10, 21, 38–43] (http:// eprin ts. notti ngham. ac. 
uk/ 13304/1/ Alade lobaA bisay oThes is. pdf), respectively, as 
shown in Fig. 9c.

The hybrid M-ary PAPM-DPPM modulation offers a 
significant improvement of approximately 10–11 dB in 
OOK-NRZ sensitivity within the WDM-FSO optical fiber 
network system when turbulent conditions are not present. 
This sensitivity enhancement is demonstrated in Fig. 10 
[44–54]. However, in the presence of turbulence and ASE 
noise, the decrease in sensitivity of PAPM-DPPM compared 
to OOK-NRZ is noted as 10 dB (WT), 8 dB (MT), and 8 dB 
(ST) [current]. Ensuring and consistently maintaining the 
accuracy of simulation models and algorithms is crucial 
by verifying simulation results through cross-referencing 
with experimental findings from previous studies [2, 5, 8, 9, 
15, 21, 38, 46, 51–58]. Furthermore, our research success-
fully compares previous work and evaluates them against 
new model results [59–62]. Tables 1, 3, and 4 provide a 
detailed description of the specific system parameters used 
in previous studies [2, 5, 8, 9, 15, 21, 38, 46], and the [pro-
posed work]. The simulation results indicate that the WDM/
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Fig. 3  The BER is shown against the average optical power (AOP) 
in (dBm) for two cases: (a) G = 27 dB [38] at 1500 m and G = 30 dB 
[present study] at 4000 m, and (b) G = 8 dB demonstrated in [38] at 
1500 m and in the current study at 4000 m
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Fig. 4  The receiver sensitiv-
ity (RS) in (dBm) versus the 
M-ary DPPM coding level for 
NT under both (a) WT and (b) 
ST conditions as depicted in [2] 
and the current study
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PAPM-DPPM system’s bit error rate outperforms that of 
OOK-NRZ by approximately 10 dB to 11 dB at a level of 
10−12 . Table 3 provides a comprehensive comparison of the 
operational efficiency of the innovative hybrid M-ary-PAPM 
M-DPPM-based DWDM FSO optical fiber network link 
with references to existing literature [2, 5, 8, 9, 15, 38]. The 
numerical data underscores the effectiveness of the M-ary-
PAPM M-DPPM-based DWDM FSO network, uniquely 
crafted to integrate a DWDM-PON optical fiber infra-
structure. The numerical analysis clearly demonstrates that 
the proposed link’s performance improves with enhanced 
receiver sensitivity, capacity, and operational efficiency, par-
ticularly in the presence of atmospheric turbulence. A com-
parative analysis of the performance of the M-ary DPPM-
M-PAPM-based DWDM-FSO optical fiber communication 
system against current literature underscores the superior 
performance of the proposed link in terms of maximum 
range, efficiency, and channel capacity. The impact of ASE 
noise, AT channels, and ICC on DWDM-FSO optical fiber 
communication systems is addressed. Table 4 presents per-
formance comparisons, showcasing the superiority of the 
proposed M-ary DPPM-M-PAPM-based DWDM-FSO opti-
cal fiber link with reference to [46]. The innovative hybrid 
M-ary-PAPM M-DPPM configuration provides a substantial 
enhancement of 4–8 dB at a bit error rate of 10−12 (OSNR) 
[proposed work], whereas Ref. [46] indicates an improve-
ment of 1 and 2 dB at a Bit Error Rate of 10−6.

Figure 11 shows the MCB BER as a function of average 
transmitted optical power (dBm) for �

PE
∕r

RX

 = 0.1, 3 & 5, 
M = 5, G = 30 dB with D

RX

 = 50 mm. Specifically, in the 
ST scenario illustrated in Fig. 2, a significant improvement is 
seen in the required power by approximately 14 dB (for the 
ST with GS) case and 22 dB for 

(

�
PE
∕r

RX
= 3

)

 and 2 dB (for 
�
PE
∕r

RX
= 3 ) (ST, PE, and GS case) at target BER of 10−9. 

Furthermore, at a target BER of 10−12 , by using a coding level 
of 5 for NT with GS and D

RX

 = 50 mm, DPPM manifests 
about a 9 dB sensitivity enhancement over the OOK-NRZ 
FSO system, as shown in Fig. 11. Moreover, in Fig. 12, an 
enhancement in the required optical power of roughly 10 dB 
with GS of the DPPM case over the OOK-NRZ for the NT 
scenario in the DWDM/FSO system can be observed. In the 

15 20 25 30
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Signal to Crosstalk ratio (C
XT

) (dB)

)
Bd(

ytlanep
re

woP

OOK, 50 XT signals
OOK, 35 XT signals
DPPM, 50 XT signals
DPPM, 35 XT signals

Fig. 7  The power penalty versus crosstalk (CXT) (dB) for OOK 
compared to DPPM-M-PAPM at M = 2 and OOK/M-DPPM-M-
PAPM at a BER of 10−9 for crosstalk signals at 35 and 50

2 4 6 8 10 12 14 16
10

-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

R
E

B

Optical SNR (dB)

Hybrid OOK/M-DPPM

M-n-PAPM
4-PPM

Fig. 8  The BER vs. OSNR (dB) to for the hybrid OOK/M-ary 
DPPM and M–n-PAPM modulation scheme

Table 2  The suggested 
modulation schemes for the 
DWDM-FSO optical fiber 
communication network system 
is based on the M-ary DPPM-
M-PAPM design [2, 5, 8, 9, 
21, 38, 46] (http:// eprin ts. notti 
ngham. ac. uk/ 13304/1/ Alade 
lobaA bisay oThes is. pdf)
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ST case with GS at �
PE
∕r

RX
= 6 , an improvement in the nec-

essary optical power of around 10 dB of the DPPM over the 
OOK-NRZ system is noted. When aiming for a target BER 
using MCB, in the MT scenario with PE at �

PE
∕r

RX
= 4 , 

the M-ary DPPM offers about 8.0–9.0  dB sensitivity 

enhancement over the OOK-NRZ in the absence of turbulence 
[10, 25, 35–38]. Additionally, in Fig. 13, BER curves are pre-
sented for FSO at l

fso

 = 2000 m and l
fso

 = 2400 m, employing 
G = 30 dB, D

RX

 = 4 mm, and M = 5 for the NT scenario with 
WT, MT, and ST regimes, respectively. Notably, atmospheric 
turbulence effects become more pronounced for longer link 
lengths; for instance, at the target BER, the receiver sensitiv-
ity deteriorates by about 6 dB (WT), 13 dB (MT), and 9 dB 
(ST) as the FSO link length increases from 2000 to 2500 m 
[6, 10, 17, 25, 30, 32, 36, 38] (http:// eprin ts. notti ngham. ac. 
uk/ 13304/1/ Alade lobaA bisay oThes is. pdf). Figure 14a and b 
demonstrate the impact of increasing the receiver aperture 
diameter on the capacity within a ST scenario with and with-
out PEs respectively. It is observed that the ASE (bits/s/Hz) 
reaches saturation levels when the aperture diameter exceeds 
8 cm and 10 cm [63]. By utilizing aperture averaging (AA), 
a hybrid M-ary hybrid DPPM-M-PAPM scheme, and spa-
tial diversity [64], we achieved an ASE (bits/s/Hz) perfor-
mance of 53 bit/s/Hz and 38 bit/s/Hz without and with PEs, 
respectively. This was achieved at an aperture diameter of 
10 cm and an ATOP of 13 dBm, as depicted in Fig. 14. The 
BER curves and Performance Analysis section discusses the 
BER curves for FSO links at different lengths and configu-
rations. These include NT with WT, MT, and ST regimes. 
Furthermore, the impact of increasing the receiver aperture 
diameter on the capacity and ASE performance is analyzed 
in the ST scenario, both with and without PE effects. The 
numerical results provide insights into the performance and 
effectiveness of the M-ary hybrid DPPM-M-PAPM modula-
tion scheme under various scenarios and conditions. Addi-
tionally, a sensitivity comparison between M-ary DPPM and 
OOK-NRZ in the absence of turbulence is discussed for the 
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Table 3  The performance of the proposed M-ary DPPM-M-PAPM based DWDM-FSO optical fiber link is compared with existing literature [2, 
5, 8, 9, 15, 38]

Ref. [2] Ref. [5] Ref. [8] Ref. [9] Ref. [15] Ref. [38] [Proposed work]

Technique used DPPM-FSO 
link

WDM-FSO 
hybrid fiber-
based DPPM

DPPM- based 
DWDM-FSO 
system

M-ary PPM-
based WDM 
-FSO system

WDM-FSO 
network-based 
DPPM modu-
lation

DPPM-based 
WDM-FSO 
communica-
tion system

hybrid M-ary-
PAPM 
M-DPPM-
based DWDM 
FSO optical 
fiber network

Data rate 2.5 Gbps 2.5 Gbps 2.5 Gbps 2.5 Gbps 2.5 Gbps 2.5 Gbps 2.5 Gbps
Net capacity 2.5 Gbit/s 5 Gbit/s 20 Gbit/s 20 Gbit/s 5 Gbit/s 5 Gbit/s 20 Gbit/s
Maximum link 

range reported
1500 m 2000 m 4000 m 2500 m 2000 m 2000 m 4000 m

Quantum effi-
ciency

0.75 0.8 1 1 0.8 0.9 1

No. of channels 1 2 8 8 2 2 8
Target BER 10−12 10−12 10−12 10−12 10−12 10−12 10−12

Table 4  Performance 
comparison of the M-ary 
DPPM-M-PAPM based 
DWDM-FSO optical fiber link 
with the reference [46]

Ref. [46] [Proposed work]

Technique for 
modulation 
scheme

hybrid M-PAPM technique for deep 
space optical communication link

hybrid M-ary M-DPPM-M-PAPM FSO 
based DWDM optical fiber communication 
network

OSNR improved 1 dB and 2 dB 4–8 dB
Desired BER 10−6 10−12

The number of 
optical pulses per 
frame for m

16 16
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MT scenario with PE effects. In [65], the focus is on improv-
ing performance using an adaptive hybrid MQAM-MPPM 
scheme over Nakagami and log-normal dynamic visible 
light communication channels, addressing challenges such 
as ASE noise, atmospheric turbulence, pointing errors, and 
interchannel crosstalk. The paper explores the analysis and 
enhancement of the bit-error-rate performance using various 
techniques, considering challenges like ASE noise, atmos-
pheric turbulence, pointing errors, and interchannel crosstalk. 
It discusses the use of M-ary hybrid DPPM-M-PAPM modu-
lation schemes to enhance efficiency and reliability, along 
with the integration of adaptive optics to reduce turbulence 
effects and improve modulation efficiency. [65] emphasizes 
enhancing FSO communication efficiency through hybrid 
OOK modulation, M-ary DPPM, and M-PAPM in DWDM-
FSO PON communication systems, considering factors such 
as ASE noise, atmospheric turbulence, pointing errors, and 
interchannel crosstalk. A comparison with [65] offers insights 
into different modulation approaches and system designs 
suitable for specific applications and operational conditions 
within optical communication systems. When evaluating the 
system model for various channel models, reference is made 
to the work conducted in [66] as a future endeavor. This pro-
vides insights into underwater visible light communication 
channel modeling.

Practical implications and applications

This section outlines potential applications in telecommuni-
cations, satellite communications, military operations, and 
optical wireless communications for urban development. The 
discussion focuses on the benefits of modulation techniques 
in these contexts, including improved data rate, enhanced 
signal integrity under atmospheric disturbances, and reduced 

bit error rate, all critical for achieving robust and reliable 
communication. To demonstrate practical feasibility, a case 
study showcasing the simulation of M-ary Hybrid DPPM-
M-PAPM modulation schemes using MATLAB is included. 
The study reflects performance enhancements in a DWDM-
FSO PON system under conditions of atmospheric turbu-
lence, ASE noise, and interchannel crosstalk. The results 
highlight improvements in optical signal-to-noise ratio and 
spectral efficiency, validating the effectiveness of the pro-
posed schemes in controlled environments similar to real-
world scenarios. Additionally, there is an acknowledgment 
of the necessity for robust system design and integration, 
with discussions on how these modulation techniques can be 
integrated into existing DWDM systems. This includes rec-
ommendations for modifications to transmitter and receiver 
designs, as well as adaptations in network infrastructure to 
support high-speed, efficient transmission capabilities pro-
vided by M-ary Hybrid DPPM-M-PAPM modulation. The 
practical applications and implications of these findings span 
various sectors:

a. In real-world communication networks, enhancing tele-
communication infrastructure, especially in urban areas, 
involves refining system architectures to boost reliability 
and efficiency during atmospheric disturbances and emer-
gency response scenarios. The M-ary hybrid DPPM-M-
PAPM modulation techniques can provide dependable 
connections under various atmospheric conditions.

b. For satellite communications, enhanced modulation 
techniques improve the quality and throughput of data 
links between satellites and ground stations, essential for 
maintaining communication efficacy in adverse condi-
tions [62–65].

c. In military communications, secure and reliable chan-
nels are crucial for operations under diverse atmospheric 

Fig. 13  BER vs. average power 
at RCL input (dBm) using 
the coding level M = 5, l

fso
 = 

2000 m and 2500 m, G = 30 dB, 
D

Rx

= 4mm for NT and ST, 
MT, WT [10, 25]
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conditions and potential electronic interference. The 
discussed modulation enhancements can significantly 
improve secure communication links.

d. Integrating advanced FSO systems in smart cities facili-
tates efficient management of communication networks 
for various services.

e. Enhancing communication systems within commercial 
aviation can significantly improve safety.

f. Implementing M-ary DPPM-M-PAPM in existing 
DWDM systems may require hardware updates to 

accommodate advanced modulation formats. Robustness 
and reliability tests are essential to confirm effectiveness 
under real-world conditions.

g. Exploring practical applications of these modulation 
techniques enables effective utilization in communica-
tion systems and underwater optical wireless commu-
nications. The use of convolutional codes in dynamic 
underwater visible light communication systems and 
unmanned aerial vehicles (UAV) accounts for pointing 
errors and atmospheric turbulence [66–69].

h. These enhancements substantially strengthen the manu-
script, illustrating the practical impact and potential of the 
proposed modulation techniques. This expanded discussion 
aims to enrich the manuscript’s contribution to the field.

Conclusion and suggestions for future work

In this research, the exploration and enhancement of the HFFSO 
optical fiber communication network system involved incorpo-
rating a mix of modulation techniques, including OOK/M-ary 
DPPM-M-PAPM, within a DWDM-PON framework. Utilizing 
ICC methods for analysis, the performance of DWDM-DPPM 
systems was assessed in various scenarios like GA, CB, and 
MCB. The goal is to enhance spectral efficiency and mitigate 
crosstalk interferences within DWDM-PON/HFFSO configu-
rations by integrating hybrid OOK/M-ary DPPM-M-PAPM 
modulation techniques, thereby improving overall reliability. 
Through theoretical BER evaluations, the efficacy of the OOK/
M-ary hybrid DPPM modulation scheme has been showcased, 
particularly in turbulent atmospheric conditions. Findings sug-
gest that the use of M-ary DPPM-M-PAPM modulation helps 
in minimizing ICC interferences and achieving superior BER 
performance. Moreover, the impact of turbulence on system 
performance has been studied, with a specific focus on M-ary 
DPPM-M-PAPM design versus OOK-NRZ, highlighting 
enhancements in power penalty and efficiency. The proposed 
architecture of M-ary DPPM-M-PAPM offers improved receiver 
sensitivity and reliability over OOK-NRZ. The study examines 
the comprehensive effects of aperture averaging on the average 
spectral efficiency of FSO links across turbulent channels with 
PEs. Implementing aperture averaging and reducing beam width 
positively impacts the average spectral efficiency performance in 
the presence of PEs. Future endeavors to enhance FSO DWDM 
optical fiber communication systems utilizing M-ary hybrid 
DPPM-M-PAPM modulation techniques will concentrate on 
experimental validation, optimizing adaptive optics, advanced 
signal processing analysis, optimizing multi-channel systems, 
and conducting real-world field trials to assess practical deploy-
ment viability. The future work for this study will involve con-
ducting experimental validations to substantiate the efficacy of 
the proposed M-ary hybrid DPPM-M-PAPM modulation tech-
niques in real-world FSO DWDM communication systems. 

0 5 10 15
30

32

34

36

38

40

Average Transmitted Optical Power, P
t
 (dBm)

)z
H/s/stib(

ES
A d = 2 cm

d = 4 cm
d = 6 cm
d = 8 cm
d = 10 cm

(a)

(b)

0 5 10 15
45

46

47

48

49

50

51

52

53

54

55

Average Transmitted Optical Power, P
t
 (dBm)

)z
H/s/stib(

ES
A

d = 2 cm
d = 4 cm
d = 6 cm
d = 8 cm
d = 10 cm

Fig. 14  The average spectral efficiency ASE (bits/s/Hz) is shown as a 
function of ATOP under ST (a) With PEs (b) Without PEs for M-ary 
hybrid M-PAPM-M-ary DPPM with AA and receiver aperture diam-
eter d (cm) [10, 25]



J Opt 

1 3

Additionally, it will explore the optimization of adaptive optics 
for dynamic system parameter adjustments in response to atmos-
pheric turbulence, pointing errors, and interchannel crosstalk to 
enhance overall system performance. Further investigations will 
delve into advanced signal processing algorithms, error correc-
tion coding schemes, and multi-channel system optimizations 
to improve data transmission reliability, efficiency, and spec-
tral utilization in FSO DWDM communication networks. The 
potential future work for the paper may involve exploring further 
optimization strategies for the proposed M-ary DPPM-M-PAPM 
modulation schemes to enhance system performance. This could 
include investigating adaptive coding techniques, advanced error 
correction coding, or signal processing algorithms to potentially 
improve overall efficiency and reliability of the communication 
system. Additionally, conducting practical experimentation or 
simulation studies to validate the theoretical findings and numer-
ical results presented in the paper would be a valuable next step. 
This could help verify the feasibility and real-world applicabil-
ity of the proposed hybrid modulation schemes under various 
environmental conditions and system parameters. Furthermore, 
considering the integration of emerging technologies such as 
machine learning, artificial intelligence, or deep learning algo-
rithms in optimizing system design and performance could be an 
interesting avenue for future research. These technologies could 
offer novel solutions for addressing challenges like atmospheric 
turbulence, pointing errors, ASE noise, and interchannel cross-
talk in communication systems. Exploring the application of 
the proposed hybrid OOK/M-ary DPPM-M-PAPM modulation 
schemes in other optical communication scenarios or network-
ing architectures could also be a promising direction for com-
munication systems and underwater optical wireless communi-
cations. The incorporation of convolutional codes in dynamic 
underwater visible light communication systems and UAVs 
addresses pointing errors and atmospheric turbulence for future 
work. This exploration may involve investigating the scalability, 
compatibility, and adaptability of the modulation techniques in 
various communication setups or network topologies to assess 
their broader impact and potential benefits.
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