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Abstract: A soft decoding technique is discussed in this paper to improve the performance of
long-distance optical networks (LDOTNs). LDOTNs are affected by phase noise and nonlinear-
ities generated inside the fiber. The investigations of the proposed LDOTN were carried out by
dual-polarization 16-quadrature amplitude modulation (DP-16QAM), DP-64QAM over single-mode
fiber (SMF) and digital signal processing (DSP) methodologies. The improved performance of the
presented mechanism is discussed over SMF based on constellation shaping (CS). The CS of the
presented LDOTN is then compared to the standard 16-QAM and 64-QAM using international
telecommunication union-telecommunication (ITU-T) standard G-652.D and G-657.A1 SMF. The soft
detecting procedure enables the LDOTNs to attain significant outcomes.

Keywords: dual-polarization 16- and 64-quadrature amplitude modulation; constellation shaping;
nonlinear effects; long-distance optical transmission networks; soft decoding mechanism; nonlinear
phase shift

1. Introduction

To suppress nonlinear issues and enlarge transceiver sensitivity, the design of long-
distance optical transmission networks (LDOTNs) is considered a fruitful solution [1].
The enhanced digital applications and online services’ demands have led researchers to
focus on deploying new strategies for upgrading current LDOTNs. Nowadays, LDOTNs
are widely used in marine environments and earthquake warnings because of their high
order of accuracy and huge transmission capacity capabilities [2]. Thus, upcoming genera-
tions of optical systems must necessarily be elastic and more efficiently utilize the available
optical spectrum; this in turn improves spectral efficiency and the overall network capacity.
Furthermore, the complexity and cost of optical networks should be kept as low as possible
for practical implementation [3]. Approaches such as constellation shaping (CS) [4] and
soft decoding are promising procedures for fulfilling the existing applications of LDOTNs
and suppressing the issues generated by nonlinearities in optical fiber. The CS is further
classified into two major types, the first of which is known as probabilistic CS [5] and
the second which is called geometric CS [6]. The constellations of quadrature amplitude
modulation (QAM) [7] are varied by applying these types of CS. Moreover, the transceiver
sensitivity is enhanced with the help of these methods, allowing long distances and high
data rates [8]. Hence, the proposed model becomes flexible compared to current LDOTNs.
Additive white Gaussian noise (AWGN) is a better approximated technique for coherent
LDOTN, which works based on Gaussian constellation [9]. The symbiotic information
data [10] are enhanced by applying Maxwell–Boltzmann probability distribution. CS is
examined to a standard 16QAM and 64QAM constellation over AWGN multiple signals.
The AWGN approximation is valid for multichannel LDOTN, although there are some
conditions for which AWGN is not applicable. In cases such as that of the single span
system [11], low-symbol-rate transmission [12] and low-dispersion fiber [13], the AWGN
is not accurate and produces nonlinearities. A high order of nonlinearities is generated
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due to these conditions in the form of phase and polarization impairments (PPis) [14].
As a result, the statistical approach of multichannel LDOTNs is changed. In addition,
these impacts become increasingly negative with the launching of CS. Thus, Gaussian
constellations add nonlinearities to LDOTNS, which explains why such constellations are
limited for multichannel LDOTNs. The nonlinear phase shift noises (NLPns) are mainly
created by PPis, which are similar to the phase noise of laser parameters. NLPns consist of
long autocorrelation NLPns [15] and short autocorrelation NLPns [16]. To suppress long
autocorrelation NLPns, the carrier phase recovery (CPE) procedure is applied, while short
autocorrelation NLPns, disturbing the received outcomes, cannot be organized by CPE.
Thus, the goals of LDOTNs are highly degraded by short autocorrelation NLPns.

1.1. Previous Work and Background

Multiple approaches have been analyzed to date to improve the effectiveness of
LDOTNs. These are addressed as follows. The authors explore nonlinearities in 16QAM
and 64QAM coherent optical communication by using the k-nearest neighbor algorithm
in [17]. Experimental results were successfully performed for 800 km path cover. In [18],
the dynamic equalization approach was proposed to handle digital-to-analog conversion
resolution issues. Nonlinear deterministic operations were considered for this proposed
process. Furthermore, the Viterbi algorithm was developed to maintain dynamic quanti-
zation issues. In [19], the authors proposed a joint processing algorithm for carrier-less
amplitude and phase modulation to improve the system fidelity for the short and metro net-
work. The penalties due to nonlinearities are minimized using Volterra filters and multiple
input and output Volterra filters. In [20], the authors concluded the future capacity increase
and discussed the lower bounds as a function of fiber bandwidth, modulation formats,
and nonlinearity compensation. In [21], the researchers used the 32QAM and 64QAM
modulation formats over standard single-mode fiber to offset nonlinear issues. In [22], the
authors investigated the nonlinear impairments generated due to the high capacity trans-
mitted signal, implementing the 64QAM modulation scheme. Then, the achieved results
were compared with 16QAM and 32QAM modulation techniques. In [23], the authors
used the technique of artificial neural networks to minimize the nonlinear impairments in
LDOTNs. In [24], geometric and probabilistic methods were presented in 64Qam modula-
tion format for analyzing nonlinear impacts. In [25], the authors applied techniques such
as Kalman smoother and Turbo equalization to resolve inter-channel nonlinearity issues.
The 64QAM advanced modulation format was also installed in this work. The 64QAM
modulation system with the support vector machine was used by the researchers in [26]
to determine the optimum solution to signal distortion factors. In [27], the authors utilized
optical backpropagation and dispersion compensation fiber methodologies with a 64QAM
modulation scheme for compensating nonlinear factors. Similarly, in [28,29], the authors
launched techniques including nonlinear frequency division multiplexing with a 32QAM
modulation format and orthogonal frequency division multiplexing based on Trellis-coded
modulation, respectively, for balancing the nonlinear effects inside LDOTNs. However,
these discussed methods were found to be effective and not tailored to the specific scenario.
Moreover, the practical implementation of these recent approaches is complex, and no
real-time implementation is presented. The modification of the soft decoding method at
the receiver side is proposed in this paper, aiming to minimize the NLs’ impact, which
degrades the channel’s statistics. In [30], various modulation formats were studied for
enhancing the capacity of optical transmission systems. The effects of modulation formats
were evaluated in terms of fiber Bragg gratings, the optical fiber amplifier and dispersion
compensation fiber techniques. The nonlinear issues were reduced in [31] for an optical
communication system using neural network nonlinear equalizers in 16QAM modulation
format. Nonlinearities are investigated in this paper for the multichannel system.
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1.2. Contribution to Research

The enhancement of HD video demands and online services has increased the need
to employ improved LDOTNs. Therefore, in this paper, modern soft decoding and uni-
versal DSP technologies are tested for maximizing LDOTNs’ performance against the
impact of NLPns. Constellation shaping (CS) is discussed herein for DP16 and 64QAM
modulation formats. The significant contributions of the proposed LDOTN model are
summarized below.

1. High data traffic load has increased the burden on optical networks. As a result, the
efficiency of existing systems has become limited due to high NLPn factors. This
paper introduces a novel soft detecting technique to tackle the impact of NLPns and
improve transmission distance and multichannel propagations.

2. The advanced modulation DP-16/64 QAM is utilized with international telecommuni-
cation union and telecommunication (ITU-T) standard low-dispersion fibers (G-652.D
and G-657.A1).

3. Universal digital signal processing (DSP) is applied to filter the data before the pro-
posed decision block.

4. In order to validate the theoretical model with simulation analysis, the analytical
model is studied and the generation of NLPns and their measuring procedure are
explained in this paper.

5. Normalized mutual information (NMI) and the optical signal-to-noise ratio (OSNR)
advanced estimating parameters are used for investigating the proposed model’s
outcomes and their continuity against nonlinear factors.

The rest part of this paper is organized as follows. Section 2 comprises the analytical
model of LDOTNs with the existence of NLPns and how to cope with these impairments;
the proposed LDOTNs framework based on soft decoding and universal DSP is discussed in
Section 3. Similarly, Section 4 includes the results, their analysis and their discussion using
back-to-back and transmission reach stages, before this work is concluded in Section 5.

2. Analytical Modeling

The current coherent system for LDOTNs uses bit interleaved coded modulation [32]
which performs constellation demapping and forward error correction decoding [33].
The demapper function estimates likelihood ratios after calculating multichannel statistics
based on AWGN assumption. The algorithm named CPE largely removes autocorrelation
nonlinearities, and phase noise is then assumed to be memoryless. Likelihood ratios are
calculated by considering the presence of phase noise, potentially improving decoding
outcomes without varying the receiver side. Therefore, this section expresses likelihood
derivation, which suppresses nonlinearities. The block description of a channel is presented
in Figure 1. The binary forward error correction encoder encodes information bits to
channel bits. A block of N channel bits Dn = [D1,n, D2,n ... DN,n] is mapped into gn complex
symbols drawn from constellation C with cardinality |C| = 2N , where N shows the time
index [33].

Data source
N

FEC Encoder
Dn  QAM 

Mapper
gn Optical 

Medium

hn QAM Soft 
Demapper

inQAM Soft 
Demapper

 FEC 
Decoder

Reconstructed 
Data

N

Figure 1. Mechanism of digital signal processing through an optical medium.

These symbols are transmitted over the optical medium block, consisting of the
optical transmitter, the channel and the receiver. The received symbol hn is obtained.
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Moreover, conditional probability p(h/g) is described for CPE, which is able to mitigate
the long autocorrelation phase noise. The parameters h and g denote the scalar quantities.
The received symbol h is taken by the demapper, which produces a N × 1 vector in of
likelihood ratios. The maximum number of positive in denotes that the estimation is
reliable. On the other hand, a smaller number of positive in indicates the unreliability of
the estimation. The deterministic function of h is used for calculating likelihood ratios and
depends on the probability p(h/g) [16] :

in = log
P(Dn = 1/h)
P(Dk = 0/h)

= log
Σg1εC1

n p(h/g1)p(g1)

Σg0εC0
k p(h/g0)p(g0)

(1)

where n = 1, 2, 3 ... m means the index of bit; the constellation symbol is denoted by Cm
n ;

and P(g) defines the probability of the data being transmitted. In order to use the AWGN
channel, the attained pulse (hn)—as depicted in Figure 1—can be written as

hn = gn + kn (2)

In this equation, kn denotes the AWGN sample and includes the variance (α2
n); this

AWGN is the summation of amplified spontaneous emission noise and nonlinearities. The
P(h/g) probability is explained considering the Gaussian probability density function, Ref.
[34] given as

P(g/h) =
1

α2
n

e
−|h−g|

α2
n (3)

By combining Equations (3) and (1), the likelihood ratio is estimated. Furthermore,
in the case of the addition of NLPns, Equation (2) is upgraded as

hn = gnejωn + kn (4)

Here, ωn denotes the NLPns bounded between −π and π. According to Tikhonov,
the probability distribution mechanism for the bounded parameter is defined [35] as

P(ω) =
enωcosω

2πM0(nω)
, ωε(−π, π) (5)

where nω describes the concentration and Bessel function denoted by M0. Hence, the prob-
ability of the channel is now written as

P(h/g) =
nωe−n

8π3α2
n

e
−|h|2+|g|2

2α2
n

+
gh+nω

α2
n (6)

This Equation declares that AWGN α2
n and NLPns (kζ) have an important role over

the constellation of modulation. Figure 2 shows the block description of 16-QAM CS, while
Figure 3 compares the CS of 16 QAM in terms of variance and different NLPn factors.
Figure 3a,b explain the CS at α2

n = 0.35, kζ = −60 and α2
n = 0.35, kζ = −70, respectively.

This shows that the NLPns significantly contribute to disturbing the signal behavior. Using
Equation (6), the output probability is measured as

P(h) = Σgn∈CP(gn)P(h/gn) (7)
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Figure 2. The 16-QAM for estimating the probability of CS.

(a) (b)
Figure 3. Constellation-diagrams: (a) CS at 0.35 variance and−60 NLPns; and (b) CS at 0.35l, variance
and −70 NLPns.

In order to calculate the performance of the proposed model, mutual information (MI)
in bits/symbol procedure is used instead of FEC-BER [16], which is given as

MI = U(v)− 1
Wz≥0

minΣm
k=1ΣM

n=1log(1 + ez(−1)Dk ,nln ,k) (8)

where U(v) is called the entropy of the transmitted CS and can be calculated as

U(v) = −Σgn∈CP(gn)log2P(gn) (9)

M is the number of symbols and z is used for the optimization parameter. Probability-
amplitude shaping (AS) and normalized-MI (NMI) frameworks are used for comparing
standard QAM and probabilistic CS. The NMI for the 2i QAM constellation is expressed as

NMI =
MI

i
(10)

Similarly, the NMI of probabilistic shaping 2i QAM constellation with U(v) is writ-
ten as

NMI =
1−U(v)−MI

i
(11)

Several constellations with and without probabilistic CS can be analyzed to manage
the same NMI threshold.

3. Proposed LDOTNs Model

Dual-polarization 16- and 64-QAM (DP-16/64QAM) modulation methodologies were
developed and applied for treating NLPns using soft decoding-based DSP techniques.
The presented framework is expressed in Figure 4, which uses low-dispersion G-652.D
and G-657.A1 single-mode fibers (SMF). Long-distance communications with a high data
rate, huge bandwidth capacity and multichannel transmission generate strong short auto-
correlation NLPns, the impacts of which are investigated using time-domain pulse collision
theory [36]. Continuous wave laser is installed as a light source with 1550 nm, 65,536 se-
quence length, 112 Gb/s data rate, 14 Gsymbol/s and 100 Guard bits. The bits are randomly
generated for transmitting and analyzing the suggested scheme. Differential coding is
applied before attaining the optical DP = 16/64QAM waves. After achieving the optical
DP-16/64QAM signals, including a −25 to −30 dBm sensitivity rate, the optical pulses
are passed over an optical amplifier (OA) for decreasing the aliasing from transmitting
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data. The noise figure and gain of OA are determined as 4 dB and 16 dB, respectively.
The filtered optical signals are then propagated over the international telecommunication
union-telecommunication (ITU-T) standard (G-652.D and G-657.A1) SMF with several
spans. The rectangular optical filter (ROF) is used at the end of SMF in order to minimize
the effects of NLPns from the received optical waves. ROF has attained a successfully
rectangular filter shape with precise digital feedback compensation and nonlinearity man-
agement. The filter bandwidth could be tuned from 50 MHz to 4 GHz. Compared with
the sweeping pump-based method in [37], our approach could more precisely control the
filter shape by controlling the amplitude and initial phase of each electrical comb line. The
optical signals are received by employing a photo-detector using dark current (10 nA),
responsivity (1 A/W) and thermal power density (100 × 10 −24 W/m3). On the receiver
side, the signal is purified from the NLPns and other dispersion losses including that
of amplified spontaneous emission (ASE) with the help of the proposed DSP and soft
detecting-based decision block. The decision block comprises DC blocking, normalizing,
optimizing decision, gray code and differential coding that mitigate the NLPns effects
from LDOTNs; furthermore, the presented model performance is evaluated, applying the
electrical constellation visualizer (ECV) and bit error rate (BER). The inner propagation
steps of the installed DSP, aiming to minimize the influences of NLPns in LDOTNs, is
mentioned in Figure 5, which contains all the prominent stages for refining the collected
information. Adding to the internal structure of DSP, the DSP is formed from 24 taps
slightly spaced by least mean square (LMS). The LMS adaptive equalizer is followed by a
pilot-aided blind phase search-maximum likelihood (BPS-ML) phase recovery. The internal
procedure of the proposed LMS adaptive equalizer is mentioned in Figure 6, wherein the
input signals are transformed into an independent N number of tap filters. The outputs of
the tap filters are estimated as[

FIRoutx
FIRouty

]
= ejθ(t)

[
jxx(t) jxy(t)
jyx(t) jyy(t)

][
sx
sy

]
(12)

where FIRoutx and FIRouty represent the FIR filter outputs, sx and sy are the two transmitted
polarization signals and j(t) denotes the Jones matrix. Tables 1 and 2 summarize the list of
parameters, selected for valuing the proposed work and obtaining the entropy.

Table 1. Parameter description operated for valuing the DP-16/64QAM and soft decoding-based
outcomes and obtained entropy.

Developed Modulation DP-16QAM DP-32QAM DP-64QAM

Entropy (bits/symb) 4 5 4.33

NMI threshold (bit/symb) 3.6 4.5 3.79b

Data rate (Gbps) 103 106 112
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Figure 4. Dual-polarization 16/64-QAM-based proposed model for evaluating NLPns in LDOTNs.
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Figure 6. Internal structure of the proposed LMS adaptive equalizer.
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Table 2. The parameter description of the installed fiber.

Parameter SMF (G-652.D) SMF (G-657.A1)

Reference wavelength 1550 nm 1553 nm

Attenuation 0.2 dB/km 0.22 dB/km

Dispersion 16.75 ps/nm//km 17 ps/nm//km

β2 −20 ps2/km −18 ps2/km

β3 0 ps3/km −1 ps3/km

n2 263−−21 m2/W 263−−21m2/W

4. Back-to-Back and Propagation Results and Discussion

The results of the proposed LDOTN were evaluated based on analytical calculations
as discussed in Section 2, which are elaborated in Figure 7. The proposed LDOTNs model
mentioned in Figures 4 and 5 were analyzed in terms of a back-to-back framework and
propagation set up to show the initial and secondary outcomes’ behavior. Figures 8–10
describe the back-to-back optical transmission network (OTN) performance using NMI
and OSNR estimating elements. The results explain that no NLPns sources ever existed in
the back-to-back OTN structure. The generated NLPns are fully recovered with the help of
the carrier phase estimation (CPE) at the receiver end. The threshold of NMI estimations
is declared to be 0.9, presented as the dotted line in Figures 8–10. The DP-64 QAM back-
to-back setup penalties are recorded as less than the DP-16QAM back-to-back framework.
The performance calculations of the proposed model using a different transmission reach
as a function of input power per channel are depicted in Figure 11. In opposition to
a back-to-back structure, NLPns factors have a strong impact on various transmission-
covered paths. From −10 to 2 dBm per channel, input powers are applied to the proposed
LDOTN with a divergent 100–500 km transmission reach. The results’ analysis finds that
the proposed technique for deducing NLPns factors yields efficient estimations compared
to when not using the NLPns recovery procedure. Figure 12 expresses the graphical
analysis of the presented LDOTN in terms of the number of spans and NMI for DP-16QAM
including AWGN, DP-64QAM involving AWGN and the used procedure for optimizing
the NLPns at a 500 km transmission reach. Multiple spans of SMF (G-652.D and G-657.A1)
are applied, whose elements are listed in Table 2. The investigations correlate with and
without using the NLPns-aware technique with the 5 bit/symbol entropy. The losses
in data transmission resulting from NLPns are optimized by installing the proposed soft
detecting mechanism. The inputs propagation over long spans is evaluated for conventional
16/64QAM modulation formats, as shown in Figure 13. Figure 13 contains information
based on the AWGN gap in dB against OSNR, which declares that the AWGN gap is high
in conventional enabled LDOTNs as related to the proposed LDOTN. In order to review the
continuity of proposed soft detecting-enabled LDOTNs, the simulation model is evaluated,
using OSNR as a function of NMI, as presented in Figure 14. The DP-16/64QAM received
information is transformed over universal DSP followed by a soft decoding decision block.
The decision block comprises the prominent steps (DC blocking, normalizing, optimization,
gray coding and differential coding) which modify system consequences against NLPns.
Figure 14 clarifies that the information at the reaching side is not justified without applying
the soft detecting mechanism. Figure 15 declares the analysis of input and received powers
for the AWGN channel and NLPns-aware-based DP-64QAM channel. This shows that
acceptable received power is gained with minimum input power compared to the AWGN-
based channel. The experimental analysis of the proposed model are compared between
with and without compensation of nonlinearities as presented in Figure 16, which declares
that the system performances are reduced by reason of nonlinearities. Figure 16 also depicts
the correlation among 25 and 50 GHz channels for different input powers, this explains
that the impact of nonlinearities is higher in less channel spacing transmitted optical
signals. Figure 17 shows the relation between DP-16QAM and DP-64QAM modulation
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schemes, which declares the DP-64QAM presents worse performance as compared to
DP-16QAM. However, DP-64QAM achieves a high data rate compared to DP-16QAM.
Figure 18a,b explore the constellation calculations of back-to-back OTN, which shows that
the considered approach produces zero NLPns. The constellation diagrams at the receiving
end of the 500 km transmission reach are expressed in Figure 19a,b, which clearly explain
that the outputs are badly disturbed if the methodology is used without soft detecting.
Figure 20a,b declare the constellation analysis of presented LDOTN, exhibiting that soft
detecting based model minimizes the impact of NLPns.

Data Input Eq (1) to 
Eq (4)

Channel probability Eq (4) and Eq 
(5)

Performance matrices of the 
proposed work Eq (8) to Eq (12) 

Output probability in terms of 
nonlinearities Eq (7) 

End

Figure 7. Illustration of mathematical model implementation for results estimation.

1 0 1 5 2 0 2 5 3 0

0 . 7 5

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

NM
I

O S N R

 A W G N
 N L P n s  a w a r e  t e c h n i q u e

D P - 1 6 Q A M

Figure 8. Performance analysis of back-to-back proposed DP-16QAM optical network using NMI as
a function of OSNR.
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Figure 9. Performance analysis of back-to-back proposed DP-32QAM optical network using NMI as
a function of OSNR.
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Figure 10. Performance analysis of back-to-back proposed DP-64QAM optical network using NMI as
a function of OSNR.
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Figure 11. Considered optimized LDOTN analysis in terms of input power per channel and transmis-
sion reach.
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Figure 12. Evaluating NLPns for presented LDOTN using the number of span against NMI measur-
ing parameters.
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Figure 13. AWGN gap in terms of OSNR analysis for estimating the proposed model outcomes as
compared to the conventional model.
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Figure 14. Similarity discussion between the soft detecting enabled LDOTN model and excluding
soft detecting enabled LDOTN.
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Figure 15. Similarity discussion between input and received powers.

- 6 - 4 - 2 0 2
1 E - 1 9
1 E - 1 8
1 E - 1 7
1 E - 1 6
1 E - 1 5
1 E - 1 4
1 E - 1 3
1 E - 1 2
1 E - 1 1
1 E - 1 0

1 E - 9
1 E - 8
1 E - 7
1 E - 6
1 E - 5
1 E - 4

0 . 0 0 1
0 . 0 1

W i t h  N o n l i n e a r i t i e s  c o m p e n s a t i o n

BE
R

L a u n c h  p o w e r  ( d B m )

  2 5  G H z  c h a n n e l  s p a c i n g
  5 0  G H z  c h a n n e l  s p a c i n g

 T r a n s m i s s i o n  R a n g e  =  5 0 0  k m

W i t h o u t  N o n l i n e a r i t i e s  c o m p e n s a t i o n

Figure 16. Comparative analysis between having compensation nonlinearities and without nonlin-
earities compensation in terms of 25 and 50 GHz channel spacing.
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Figure 17. Results analysis of DP-16 and 64QAM.
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(a) (b)
Figure 18. Constellation diagrams: (a) back-to-back outcomes of installed LDOTNs applying
DP-16QAM modulation system; and (b) back-to-back analysis of proposed DP-64QAM modu-
lation schemes.

(a) (b)
Figure 19. Constellation diagrams: (a) affected signals’ performance at reaching side after covering
600 km path (DP-16QAM); and (b) affected signals’ performance at the reaching side after covering a
600 km path (DP-64QAM).

(a) (b)
Figure 20. Constellation diagrams: (a) purified signals from NLPns at reaching side after covering
600 km path (DP-16QAM) using soft detecting technique; and (b) purified signals from NLPns at the
reaching side after covering 600 km path (DP-64QAM) using the soft detecting technique.

5. Conclusions

The high data transmission with minimum losses is the key demand of current users
because the online markets and jobs have increased the pressure on the present nature of
LDOTNs. It was studied in this paper how NLPns are the main reason for limiting the
outcomes of multichannel optical networks. Thus, to consider these NLPns, a soft decoding
strategy was utilized in this paper. With the existence of NLPns in LDOTNs, the data
transmission was improved up to a 600 km path cover. Low-dispersion fiber (G-652.D
and G-657.A1) is employed in order to support multichannel and high-capacity propaga-
tion. Furthermore, the advanced modulation formats DP-16/64QAM boost the proposed
model capacity. The presented model constellation diagram-based analysis highlights how
NLPns factors are reduced multiple times instead of standard modulation schemes and
fibers. Additionally, the advanced NMI measuring parameter is utilized to evaluate the
proposed structure’s performance. With regard to future works, the transmission reach
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and bandwidth volume can further improve the suggested model especially in terms of
accuracy through deep learning methodologies such as transfer-learning-assisted neural-
network nonlinear compensation (TL-NN-NLC). Table 3 shows the comparison between
the proposed LDOTN and the current model in terms of applied techniques.

Table 3. Comparison of the proposed LDOTN work with the current model.

Used Parameter [38] Proposed Model

Modulation scheme QAM DP-QAM

SMF Conventional Standard G-657A and G-652D

Nonlinearities Yes Yes

NLPns No Yes

DSP technique Conventional DSP Universal DSP
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