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Abstract: Long-haul optical communication systems face challenges from nonlinear
impairments, chromatic dispersion, and signal attenuation, which can degrade
performance over long distances. To address these limitations and enhance transmission
quality, this study introduces a 64-channel DenseWavelength Division Multiplexing
(DWDM) system. This system integrates Raman Fiber Amplifiers (RFA) and Dispersion
Compensating Fibers (DCF) and achieves significant signal improvements. Specifically,
a 15% increase in Q-factor and a 30% reduction in Bit Error Rate (BER) are observed.
At 600 km and 15 Gbps, the Q-factor rises from 5.9 to 6.5, and the BER falls from 6.1 %
10?7 to 2.3 x 10?7. Channel 64 demonstrates exceptional performance, reaching a peak
Q-factor of 26.0374, exceeding all other channels. The efficacy of this hybrid RFA +
DCF system is evident in mitigating nonlinear effects such as Self-Phase Modulation
(SPM) and Four-Wave Mixing (FWM), and in improving Optical Signal-to-Noise Ratio
(OSNR). These advancements pave the way for high-performance, long-distance optical
communication, with potential for further optimization through Raman-EDFA hybrid
amplification and channel spacing adjustments.
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degradation in both quality and power as they propagate
over large distances. These impairments, which include
signal attenuation and dispersion, can significantly
impact the performance of optical communication
systems [1,2]. Dense Wavelength Division Multiplexing
(DWDM) optical communication systems rely on
Raman Amplifiers and Dispersion Compensation Fibres
(DCFs) to combat signal attenuation and dispersion.
Long-distance signal transmission becomes more
effective and reliable as a result of these components'
contributions to increasing signal power and reducing
impairments [3,4].

The wavelength flexibility of Raman Amplification is
a major asset, allowing simultaneous transmission of
multiple channels at different wavelengths through a
single optical fibre. This attribute directly contributes to
increased bandwidth efficiency and a decrease in the
required fibre infrastructure, proving especially valuable
in long-distance applications [5,6]. Leveraging
bidirectional fibers further amplifies these benefits by
enabling two-way communication over the same fibre,
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leading to substantial gains in system efficiency, cost-
effectiveness, and simplified maintenance operations [7].

By transmitting over a single fibre, DWDM

systems simplify deployment and maintenance,
lowering operational costs and the burden of
managing multiple links [8]. This efficiency makes
them a favourable option for long-distance
communication, especially when considering
substantial infrastructure investments [9].

Raman amplification, discovered unintentionally in
1962 during tests with Q-switched Ruby lasers, was
initially a laboratory curiosity. However, its potential as
a key technology for optical communication became
evident in the mid-1980s. The technology involves
Stimulated Raman Scattering (SRS), where a pump laser
provides the necessary energy for signal amplification
by interacting with the transmission fibre [10]. In this
process, energy from the pump laser is transferred to the
signal via the Raman scattering process, which boosts
the signal’s intensity. The Raman amplification process
provides a highly efficient amplification mechanism that
is distributed along the transmission fibre, in contrast to
traditional point amplifiers, ensuring a more uniform
signal strength over long distances [11].

In the 1980s, substantial research was focused on
optimizing Fibre Raman Amplifiers (FRA) for
telecommunication applications. This led to significant
breakthroughs in the field [12]. By the early 2000s,
Raman amplification became a cornerstone of ultra-
high-speed and ultra-long-haul transmission systems,
enabling the transmission of data over hundreds or even
thousands of kilometers without significant signal
degradation [13]. The ability to amplify optical signals
without the need for electrical conversion provides both
speed and efficiency, which are critical for modern,
high-capacity communication networks [14].

The principle behind Raman amplification—using SRS
for optical signal amplification—has proved to be a
highly effective way to achieve long-distance, high-
quality signal transmission. This technology continues to
be indispensable in the development of advanced optical
communication systems, allowing them to meet the ever-
increasing demand for high-speed data transfer [15].
Through the combined use of Raman Amplifiers and
DCF, optical communication systems are able to
overcome the inherent limitations of attenuation and
dispersion, ensuring that signal quality is maintained
over long distances [16].

In advanced optical communication systems,
especially those using Raman amplification to boost
signal strength, the evaluation of the enhanced SRS level
is a crucial first step [17]. This assessment is necessary
because uncontrolled or excessive SRS can lead to

increased noise, ultimately degrading the signal quality
[18].

Their high efficiency makes Raman Fibre Amplifiers
(RFAs) ideal for dynamic bandwidth designs in current
DWDM networks, leading to their widespread use [19].
In comparison to conventional optical amplifiers that
operate within fixed bandwidths, RFAs can be adjusted
to amplify signals across a range of wavelengths. This
flexibility allows for optimal bandwidth allocation,
enabling DWDM systems to better utilize fibre capacity
based on varying network demands [20].

DWDM serves as a powerful technique for increasing
the data-carrying capacity of optical fibers. By
combining (or multiplexing) optical signals from
multiple independent transmitters, each operating at
slightly different wavelengths, DWDM allows the
transmission of these multiple channels through a single
fibre [21]. This multiplexing process can be likened to
multiple streams of data being combined into a single
highway, increasing the efficiency of data transport.
Each channel, associated with a specific wavelength,
carries its own data stream independently of others [22].

At the receiving end of the fibre, another DWDM
system is used to demultiplex the signals, essentially
separating the composite signal back into its original
individual channels [23]. This is akin to unwinding the
combined data streams, where each unique wavelength
is routed to its designated receiver. One of the defining
features of DWDM is its all-optical nature, meaning that
both transmitters and receivers are optical devices, and
the signal stays within the optical domain throughout its
entire journey [24]. This eliminates the need for energy-
consuming conversions between optical and electrical
signals, which would otherwise introduce noise and
decrease the efficiency of data transmission [25].

2 Related Work

By amplifying the signal channels inside the
transmission fiber, Long-haul optical transmission
systems' range can be increased by using Raman
amplification, which also significantly improves the
receiver's performance against signal spontaneous beat
noise [26]. Because their high gain is available in any
optical fiber and at any wavelength with the proper
pump source, fiber Raman amplifiers are a significant
enabling technology [27]. Raman amplifiers need a lot
of pump power, but if high-power semiconductor laser
technology develops quickly, this may become less of a
concern [28]. Raman amplifiers that are backward
pumped have little polarization dependence and less
crosstalk with other WDM channels, making them
particularly intriguing [29]. A unique optical amplifier
type must now be chosen for a certain gearbox system
due to the broad variety of optical amplifier types
available. One of the most popular choices is erbium-
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doped fiber amplifiers [30]. However, because of the
limitations of the material's limited signal gain across a
very restricted frequency range, SOAs and Raman
amplifiers have gained popularity in recent years [31,
32].

The nonlinear phenomenon known as SRS is necessary
for Raman amplification. The energy of the pump
photon and some extra energy that is absorbed as
phonons are sacrificed to create a new photon with the
wavelength of the signal, which results in amplification
[33, 34].

Only when the pump and the signal's polarizations are
similar does the Raman gain occur [35]. The DWDM
technology transmits data at high data speeds across
many distinct channels using different wavelengths.
Noise from the amplifiers in use, along with nonlinear
transmission effects, limits the range of current systems
[36]. The most optical network concepts used today are
DWDM-based, hence optical filters are mostly required
to route and select wavelength channels [37]. High-
speed, long-distance optical fiber communication is not
possible with optical transmission technologies due to
dispersion [38]. To alleviate the dispersion issue, a
variety of techniques are advised, including higher-order
mode filters, DCF, and Fiber Bragg Grating (FBG) [39].
Multiple light pulses of various wavelengths can be
transmitted concurrently because just one fiber is
required due to DWDM. It upgrades and expands long-
distance optical networks [40]. The general goal of the
continuing study is to lessen the factors that might have
an impact on signal quality, improving the system's
overall performance in long-distance communication
[41].

3 Significance in Ultra-High-Speed Optical
Backbone for Smart Cities and 6G Networks

The proliferation of smart cities and the imminent
deployment of 6G networks necessitate a sophisticated
optical communication infrastructure. This infrastructure
must facilitate ultra-high-speed, low-latency, and high-
reliability data transmission to support demanding
applications such as autonomous transportation systems,
real-time Al processing, cloud computing environments,
augmented reality experiences, and large-scale loT
deployments [1, 7, 16]. These applications require a
robust backbone network capable of efficiently
managing substantial data throughput. However,
conventional fibre-optic networks are susceptible to
impairments including chromatic dispersion, signal
attenuation, and nonlinear effects, which degrade signal
quality over extended transmission distances [3, 6]. To
mitigate these limitations, a bidirectional 64-channel
DWDM system is proposed, incorporating Raman Fibre
Amplifiers (RFAs) and Dispersion Compensation Fibre
(DCF) [15]. This configuration aims to enhance optical

signal integrity, minimize Bit Error Rate (BER), and
sustain a high Q-factor, thereby ensuring superior
transmission performance over long-haul fibre-optic
links [9, 10].

Chromatic dispersion hinders high-speed optical
communication, particularly in DWDM systems, by
causing signal distortion [12]. Dispersion Compensating
Fibre (DCF), with its negative dispersion, is used to
counteract this by reducing the overall dispersion of
standard optical fibres [17]. This dispersion management
is essential for clear signal transmission, minimizing
errors, and achieving high data rates in long-distance
networks [18].

Amplification is crucial for long-distance optical signal
transmission to prevent signal loss. While widely used,
conventional Erbium-Doped Fiber Amplifiers (EDFAs)
limit optical network performance due to Amplified
Spontaneous Emission (ASE) noise and gain saturation,
particularly in bidirectional systems [11]. In contrast,
RFAs offer a distinct advantage by providing distributed
amplification directly within the transmission fibre,
eliminating discrete amplification stages [8, 14]. This
distributed approach yields several benefits compared to
EDFAs, including: reduced ASE noise resulting in a
higher optical signal-to-noise ratio (OSNR); improved
gain flatness across DWDM channels, mitigating power
fluctuations and signal distortion; and enhanced
nonlinear impairment control due to the lower power
requirements of Raman gain generation [13, 19].
Consequently, RFAs foster a more stable transmission
environment, which is particularly critical in high-
capacity bidirectional DWDM links where power
equilibrium and minimal noise accumulation are vital for
efficient data transfer [5, 2].

For next-generation optical networks supporting 6G
and smart city initiatives, the integration of Raman
amplification and dispersion compensation is crucial.
This is because these networks necessitate:

1. Ultra-reliable, low-latency communication
(URLLC), critical for the functionality of
autonomous vehicles and Al-driven traffic
control [4, 20]. High-capacity optical
backbones are essential to support demanding
applications like real-time cloud computing, 8K
video streaming, and holographic conferencing
[21, 23].

2. Seamless connectivity between data centers and
dispersed Al processing units, ensuring
efficient management of massive data traffic
[22].

3. By harnessing the strengths of Raman Fibre
Amplifiers (RFAs) and Dispersion
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Compensation Fibre (DCF), the proposed
system  achieves  high-speed, low-error
communication while guaranteeing scalability
for future network growth. Consequently, fibre-
optic networks will remain a vital cornerstone
for the development of smart cities and next-
generation wireless systems [24, 25].

4 Mathematical Model

In order to model a Raman amplification system, we
need to take into account the interactions between
various optical signals traveling through the optical
fibre. The optical power of each signal is influenced by
both attenuation and amplification, with the
amplification process heavily relying on the Raman
scattering effect, which occurs between the pump signal
and the signal being amplified [42].

The optical power of the k —th signal, denoted as
Py (z), varies along the fibre and follows the differential
equation:

dP(z)
dz

N
= —ah@+ ) g@PR@RG (1)

j=k, j=1

where, P, (z) and P;(z) represent the optical powers of
the k —th and j —th signals at position z in the fibre, o
is the attenuation coefficient for the k —th signal,
accounting for losses due to scattering and absorption in
the fibre, and, g represents the Raman gain coefficient,
which quantifies how strongly the k —th and j —th
signals interact through Raman scattering. The
summation term accounts for the interaction between all
signals in the system, except for the k —th signal itself

[2].

In a Raman amplification system, a high-intensity
pump signal transfers energy to a lower-intensity signal
through Raman scattering [43]. It is important to
understand this phenomenon. This interaction causes the
lower-intensity signal to gain power, leading to
amplification.

The rate at which optical power dissipates from a
signal in a glass fiber is caused by two factors that exist
simultaneously. The first, "attenuation", refers to the
inherent loss of light energy in the glass which occurs
due to absorption and scattering. It is a predictable,
distance-dependent decay. However, the second factor,
interaction with other signals in the same fiber, is a
much more dynamic and frequently shifting one. When a
number of signals are multiplexed together, they can
nonlinearly interact with each other thermally. These
interactions can result in the transfer of power between
signals and additional (and sometimes rapid) changes to
the overall levels of power that are not due entirely to
basic attenuation within the fiber.

Next, the optical gain is commonly measured, which
helps us determine the Raman gain coefficient. The
following equations describe the relationship between
the input and output signal powers, taking into account
the fiber's attenuation and pump intensity.

P
P_S = exp(glpoL), (2)
s0
1- —al
L= 1epCed ®

where, I,y is the intensity of the pump signal at the
input, P; and Py, are the output and input signal powers,
respectively, and, L is the effective gain length, which
accounts for the attenuation of the fibre over its length.
The effective gain length is shorter than the actual fibre
length due to fibre losses [44].

In real optical fibre systems, the effective gain length L
is a crucial factor in determining the net gain in the
system. The equation (3) accounts for fibre losses,
indicating that the effective length is less than the
physical fibre length because of these inevitable losses.

For long-distance optical communication, chromatic
dispersion is a significant challenge. This phenomenon
causes pulse broadening, which limits the transmission
distance and data rate. The dispersion effect is mitigated
through the use of DCFs. These specialized fibers have
negative dispersion coefficients, enabling them to
effectively cancel the positive dispersion characteristic
of regular Single-Mode Fibers (SMFs). To achieve
balanced dispersion in systems incorporating DCFs, the
lengths of both SMF and DCF must be precisely
determined, as expressed by the equation

Lgmp + Lpcg = 0. (4)

Here, Lgyr and Lpcp represent the lengths of the SMF
and DCEF, respectively. To minimize overall dispersion,
this equation is designed to balance the positive
dispersion contributed by the SMF with the negative
dispersion from the DCF.

0= (1 - I‘EX) < 2RP.. ) )

1 + rex/ \o; + 0y

where, P is the received signal power, oy, and gjare
system specific noise components, and, rex is the
extinction ratio, which is the ratio of the two optical
levels P,, and Py of a signal.

P
Pextinction = PLZ- (6)
o

The extinction ratio and noise characteristics of the
system both influence the Q-factor, as shown by this
equation. Achieving a higher Q-factor is desirable
because it translates to clearer signals and a lower
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likelihood of transmission errors. Subsequently, the
connection between the Q-factor and the BER is
described by

BER = %erfc (%)

= exp

2 1
¢ ] %

Z QV2n
where, the complementary error function erfc serves as
the tool to calculate the probability of bit errors based on
the Q-factor. It is important to emphasize the theoretical
foundation of this relationship. The paramount
importance of this function lies in its explicit
demonstration of a critical trade-off: a larger Q-factor,
representing a higher quality signal with greater noise
immunity, directly corresponds to a smaller BER,
indicating fewer data corruption instances. This inverse
relationship is not merely theoretical; it is the bedrock
upon which the overall system's performance is built, as
a reduced BER translates to increased data integrity,

enhanced throughput, and a more robust communication
channel [43].

5 Proposed Framework

We present the architecture of the optical
communication system in figure 1, highlighting the
transmitter, receiver, and signal processing stages, and
the basic tasks of each module. Crucially, we will also
examine the compensation mechanisms implemented to
guarantee  efficient and reliable long-distance
communication.

5.1 Transmitter and Modulation

At the heart of this system's operation is the
transmitter, which generates and transmits the optical
signal. The system leverages channels 1, 32, and 64,
each distinguished by its operating wavelength. The
transmitter is configured to operate at 1502.4 nm with an
output power of -17.44 dBm, a combination chosen for
effective long-distance transmission with minimal signal
degradation. The transmitter uses Non-Return-to-Zero
(NRZ) modulation for data, chosen for its simplicity and
efficiency in high-speed optical communication. To
further enhance capacity, WDM is also implemented.
WDM allows the transmitter to send multiple signals
simultaneously by assigning each a different wavelength
on the same optical fibre.

5.2 Receiver and Signal Processing

Crucially, the receiver begins the optical signal
processing sequence. It starts by capturing and
transforming the incoming light signal into an electrical
form for further operations. This initial conversion is
handled by a photodetector, which senses the optical
input and creates a related electrical signal. Next, a
demultiplexer divides this electrical signal into separate

channels, setting them up for individual treatment. To
clean up the signal, a low-pass filter removes high-
frequency noise. Finally, a 3R regenerator restores the
signal to its original state by boosting its strength,
correcting its shape, and realigning its timing,
guaranteeing accurate data recovery. The final stage of
analysis involves an eye diagram analyzer, a tool that
measures key performance indicators like BER and Q-
factor. These metrics are essential for gauging the
success of the transmission and guaranteeing dependable
communication.

5.3 Signal Amplification and Compensation

Long-distance optical communication faces two
primary obstacles: signal attenuation and chromatic
dispersion. These factors diminish signal quality as
transmission distance increases. Our system is designed
to solve these challenges through the strategic
integration of signal amplification and dispersion
compensation. To address signal attenuation, we utilize
RFAs, pumped by lasers operating in the 1405—1460 nm
band. This amplification significantly enhances signal
power, enabling long-range transmission with minimal
signal degradation and preserving high signal quality.
Chromatic dispersion broadens pulses and impairs signal
integrity, especially at high speeds. To combat this, we
incorporate DCF with a dispersion value of -800 ps/nm,
along with Raman amplification that effectively reverses
the effects of chromatic dispersion.

5.4 System Evaluation and Results

System performance was characterized through
simulations, with a focus on key performance indicators
(KPIs) including BER, Q-factor, and signal threshold.
These KPIs quantify the system's efficiency and
robustness in preserving signal integrity across varying
operating conditions. To examine the effects of data rate
and fiber length on signal quality, these parameters were
systematically varied during simulations. The resulting
performance data is graphically presented, enabling a
direct comparison of system behavior under different
configurations. An eye diagram analyzer played a crucial
role in this characterization, facilitating the
determination of minimum BER and Q-factor, critical
metrics for system optimization.

Table [1] details key optical communication system
parameters, including fibre characteristics, pump laser
frequencies and powers, amplifier settings, and DCF
specifications. Their careful selection is essential for
optimizing long-distance transmission performance,
specifically to achieve efficient amplification, reduce
signal degradation, and ensure accurate data recovery.
At this point it is important to note that this scheme can
be efficiently used for designing mechanisms like
[5,15,22,32,36,48].
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Fundamental Entities of Fibre Communication System
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Fig 1. Block diagram of the proposed optical communication system, highlighting the major components and their working,
and the key system modules which are being investigated in this work.
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Table 1. System parameters for long-distance optical communication are compiled to optimize performance, including fibre

characteristics, pump laser specifications, amplifier settings, and relevant performance metrics.

No. Parameter Value Unit Notes
Optical Fiber Parameters
1 Length of Optical Fibre 25,50, 75, 100, 125 km Varying fiber lengths to obs§rve system behavior over
different distances.
2 Chromatic Dispersion of SMF 16 ps/nm/km Typical value for standard single-mode fiber.
3 Polarization Mode Dispersion (PMD) 0.1 ps/km!”? Includes effects of polarlza.tlon—dependent signal
propagation.
Pump Laser Array Parameters
1405, 1415, 1435, Multiple pump wavelengths for varying amplification
4 Frequency of Pump Laser Array 1460 Nm efficiency.
100.93, 135.32, Adjusting pump power to assess amplification
3 Power of Pump Laser Array 93.749, 179.49 mW efficiency and signal distortion.
Amplifier and Filter Parameters
6 Gain of Amplifier 20 dB Chosen to ensure strong am_phﬁcatlon without over-
saturation.
7 Noise Figure of Amplifier 4 dB Standard noise figure for ‘hlgh-performance optical
amplifiers.
8 Cut-off Frequency of Low-Pass Filter 0.75 x Date Rate Hz Designed to miimize hlgh-fr'equeqcy noise while
maintaining data integrity.
Dispersion Compensation Fibre (DCF) Parameters
9 Frequency of DCF 193.1 THz Central frequency for dispersion compensation.
10 Bandwidth of DCF 125 GHz Appropriate bandwidth for fiber dispersion correction.
1 Dispersion Factor of DCF -800 Ps/nm Negative dlspersmnA compensates for chromatic
dispersion.
System Performance Parameters
12 Signal Sensitivity 30 dBm Minimum detectable 51g.nal'power for reliable
communication.
13 Error Tolerance 0.01 - System’s tolerance to error due to noise and distortion.
14 Amplifier Linearity 130 dB Linear gain range of the amplifier.
15 Bit Error Rate (BER) 10° to 10° ) Varies depending on chaqne] length, pump power, and
modulation scheme.
16 Signal-to-Noise Ratio (SNR) 104 dB System’s SNR at various transmission distances.
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6 System Design and Technical Justification

6.1 Tools and Software Employed

Optisystem 20 [46] served as our simulation platform
for evaluating the performance of our optical
communication system. Our virtual lab environment
houses a complete array of optical components like
lasers, modulators, optical fibers, amplifiers, and
photodetectors, coupled with electrical signal processing
elements. This detailed simulation, designed to replicate
a real optical communication link, allowed us to
precisely model each subsystem's dynamics and
understand their collective behavior with accuracy.

6.2 Simulation Methodology and Evaluation

Simulations were conducted to assess system
robustness and performance by manipulating key
variables. Data transmission rates were varied to analyze
system behaviour under different conditions. WDM
channels 1, 32, and 64 were chosen to test performance
across a range of wavelengths. Optical fibre length was
also varied to observe the effects of propagation distance
on signal quality, including attenuation and dispersion.

6.3 Performance Metrics: Q-factor and BER

The transmission quality of our optical link was
rigorously evaluated using two metrics: the Q-factor and
the BER. The Q-factor, a direct indicator of the Signal-
to-Noise Ratio (SNR), provides insight into the system's
ability to withstand noise. It can be thought of as
approximating the SNR in decibels (dB) within the
linear domain. A high Q-factor directly translates to a
wide separation of signal levels in the eye diagram,
leading to more robust signal detection and a reduced
probability of errors at the receiver. In essence, Q-factor
serves as an indicator of the system's inherent immunity
to noise-related signal degradation [5,11]. Ultimately,
this noise immunity impacts the BER, typically
expressed using scientific notation (e.g., 10°). BER
represents the probability of bit errors and is the
definitive measure of data link reliability. A lower BER
is paramount, signifying fewer corrupted bits and higher
data transmission accuracy. Factors like noise (thermal,
shot, ASE), fibre nonlinearities, and component quality
all contribute to the BER. Therefore, both Q-factor and
BER are critical for characterizing optical
communication system performance [47,48,49,50]. Q-
factor offers a rapid assessment of signal quality at the
physical layer, while BER provides a direct measure of
the resulting data integrity, together enabling a
comprehensive understanding of system performance
and efficiency.

6.4 Data Visualization and Analysis

Simulation results were visualized using 2D graphs to
analyse the relationships between data rates, fibre

lengths, and system performance (Q-factor and BER).
This graphical analysis facilitated the identification of
performance trends and system bottlenecks, guiding
subsequent optimization for enhanced efficiency.

6.5 Configuration Testing and Optimization Strategies

The following sections detail the specific
configurations tested and the optimization methods used
to enhance system performance. Each section explores a
different aspect of the optical communication system,
outlining the iterative design process and successful
strategies.

7 Results and Discussion

7.1 Comparative analysis of channel 1 without the use
of Amplifier and Dispersion Compensation Fibre

In this configuration of components, we conducted an
analysis of the system without incorporating an amplifier
or DCF. To evaluate system performance, we considered
three different data rates for channel 1: 5 Gbps, 10 Gbps,
and 15 Gbps. The length of the optical fibre was varied
to examine its impact on system performance under
these different data rates. Figure 2 depicts the Q-factor
and BER performance at the respective data rates
investigated.

For the data rate of 5 Gbps, the system achieved a
maximum Q-factor of 10.6244 in figure 2a, which
indicates a high signal quality. Correspondingly, the
minimum BER recorded at this data rate was 0.0055 in
figure 2b, reflecting a low probability of errors in the
transmitted signal. These optimal results were obtained
when the optical fibre length was set to 25 km.

However, increasing the optical fibre length to 125 km
resulted in a marked decline in system performance.
This degradation is evidenced by the Q-factor reaching
its minimum value of 0.03895, a level indicative of
significant signal impairment. Furthermore, the BER
increased to a maximum of 1.01, signifying a heightened
probability of errors in the data transmission. Figure 2
gives a detailed investigation of these performance
metrics at a 5 Gbps data rate. These figures graphically
represent the Q-factor and BER as a function of optical
fibre length, providing deeper insight into the system's
operational characteristics.

Subsequently, channel 1's data rate was increased to 10
Gbps, and performance was reassessed by analysing Q-
factor and BER. At this higher rate, the maximum Q-
factor achieved was 7.899, and the minimum was
0.00045 (figures 2a and 2b). Performance deteriorated
significantly at a 125 km fibre length, exhibiting the
worst BER (1.01468) and lowest Q-factor (0.06739).
This highlights the increasing signal degradation with
longer fibre lengths, resulting in diminished
performance.
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Fig 2. Variation of the (a) Q-factor, and, (b) BER, with various data rates and lengths of the anticipated optical
communication system, respectively.

Subsequent to the preceding analysis, the data rate of
channel 1 was elevated to 15 Gbps, and the performance
characteristics were re-examined. At this elevated data
rate, the system exhibited its optimal performance
metrics, achieving a peak Q-factor of 6.241 and a BER
of 0.0041. These values demonstrated a notable
enhancement in signal quality compared to prior data
rate configurations. However, operating at 15 Gbps also
resulted in the system's least satisfactory performance, as
evidenced by a minimum Q-factor of 0.00236 and a
maximum BER of 1.00459. The observed performance
fluctuation at this data rate emphasizes the necessity for
meticulous optimization of both data rates and fibre
optic cable lengths to guarantee superior transmission
quality.

7.2 Comparative analysis of Channel 1 with use of
Amplifier and Dispersion Compensation Fibre

We then proceeded to evaluate the system's
performance specifically for Channel 1, testing data rates

of 5 Gbps, 10 Gbps, and 15 Gbps. This range of rates
was chosen to assess system performance under varying
load conditions and to gauge the effectiveness of the
amplifier and DCF.The analysis of these results is
presented in Figures 3a and 3b, which provide a detailed
visualization of the Q-factor and BER measurements
across the tested data rates.

At a data rate of 5 Gbps, the system demonstrated the
best performance overall. The highest Q-factor of
22.7222 was achieved at this data rate, indicating
excellent signal quality and a low probability of error.
Correspondingly, the BER was measured to be as low as
1.32 x 1078, which is a highly favourable value for
reliable data transmission. However, it is important to
note that at this data rate, the maximum BER observed
was 1.91 X 107°, and the minimum Q-factor recorded
was 4.6224.

Next, the data rate was increased to 10 Gbps to
evaluate the system's performance under higher-speed
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conditions. At this data rate, the highest Q-factor
obtained was 4.8774, which is significantly lower than
the Q-factor at 5 Gbps, but still acceptable for many
applications. The lowest BER value observed in this
configuration was 0.0211, while the highest BER
measured was 1.00259. The minimum Q-factor recorded
at this data rate was 0.0353, indicating that the system's
performance degraded noticeably as the data rate
increased.

These figures highlight the trade-offs between data rate
and system performance, demonstrating that while
higher data rates offer increased bandwidth, they also
lead to reduced signal quality and higher error rates.

Following this, the data rate of channel 1 was adjusted
to 15 Gbps. Subsequently, the Q-factor and BER were
analysed as functions of varying lengths of optical fibre.
At this data rate, the maximum Q-factor value attained

1z

ali]

Q-factor (a.u.)
L=

was 7.007, while the corresponding BER value was
0.00475. These optimal performance metrics were
observed when the length of the optical fibre was at its
minimum. Conversely, the maximum BER value
recorded at this data rate was 1, indicating degraded
system  performance under certain  conditions.
Additionally, the minimum Q-factor value obtained at 15
Gbps was 0.081, highlighting the impact of fibre length
on signal quality and system reliability.

Integrating an amplifier and DCF greatly improves
system performance, especially at lower data rates,
yielding better signal quality and fewer errors.
Nevertheless, the subsequent performance decrease at
higher data rates underscores the critical need for
meticulous optimization of system parameters to ensure
dependable long-distance transmission.
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Fig 3. Variation of the (a) Q-factor, and, (b) BER, with various data rates and lengths of the anticipated optical
communication system, respectively.
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7.3 Comparative analysis of channel 32 without the use
of Amplifier and Dispersion Compensation Fibre

In this experimental setup, channel 32 of the WDM
transmitter was used to analyze the system’s
performance at three different data rates: 5 Gbps, 10
Gbps, and 15 Gbps. These data rates were selected as
representative of common transmission speeds to
facilitate performance evaluation and subsequent
optimization of the WDM system across different
scenarios. The optical fibre length was systematically

Q-factor {a.w]
L=

modified to determine its influence on transmission
quality.

While excellent performance was observed at 5 Gbps,
achieving a maximum Q-factor of 11.3012 and a
minimum BER of 0.0004587 (indicating high signal
quality and low error probability, respectively),
performance was significantly impacted by fibre length
(figures 4a and 4b). This is highlighted by the wide
range in Q-factor (0.0422 to 11.3012) and a maximum
BER reaching a much higher value of 1.00963,
suggesting substantial performance fluctuations.
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Fig 4. Variation of the (a) Q-factor, and, (b) BER, with various data rates and lengths of the anticipated optical
communication system, respectively.

Both these figures graphically represent the
interdependency of Q-factor and BER under varying
conditions of data rates and fibre lengths. These figures
serve to demonstrate the inherent trade-off between data
throughput and signal integrity in the system.
Specifically, they reveal that network performance,
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indexed by Q-factor and BER, suffers as data rates are
elevated. This performance degradation is particularly
acute at 10 Gbps and 15 Gbps, where the figures indicate
a substantial increase in BER. This observed increase in
error rates at these higher speeds suggests a potential
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limitation in the system's capacity to maintain reliable
data transmission as bandwidth demands increase.

These results in figure 4 highlight the importance of
carefully optimizing both data rate and fibre length for
WDM systems. The findings provide valuable insights
into the behaviour of optical signals under different
conditions and contribute to enhancing the reliability of
fibre-optic communication systems.

7.4 Comparative analysis of channel 32 with the use of
amplifier and Dispersion Compensation Fibre at
different data rates

The data presented in figure \ref{Q BER D}
summarizes the measured relationship between fibre
length, Q-factor, and BER at 15 Gbps. This figure

visually shows how system performance is affected by
fibre length.

Initially, the data rate was set at 10 Gbps. At this data
rate, the Q-factor, which indicates the signal quality,
started at a high value of 10.1849 for a shorter fibre
length (figure 5a). However, as the fibre length
increased, the Q-factor degraded significantly to a lower
value of 0.08817. Correspondingly, the BER, which
quantifies the frequency of errors in the received data,
was also assessed in figure 5Sb. The minimum (best) BER
achieved was 0.0089, while the maximum (worst) BER
observed was 1.01. Notably, these minimum and
maximum BER values were recorded at fibre lengths of
25 kilometres and 125 kilometres, respectively.
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Fig 5. Variation of the (a) Q-factor, and, (b) BER, with various data rates and lengths of the anticipated optical
communication system, respectively.

Subsequently, to examine the system's performance at
a higher data rate, the data rate was increased to 15
Gbps. The Q-factor measurements at this faster data rate
showed that the highest Q-factor obtained was 6.22844,
while the lowest value was significantly reduced to
0.0236. Similarly, the BER was evaluated at 15 Gbps,

with the minimum BER achieved at 0.004, and the
maximum BER reaching 1.0058.

The data rate for channel 32 was increased to 15 Gbps
to investigate system performance under enhanced
transmission speeds. Q-factor and BER metrics were
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evaluated at this data rate as a function of optical fibre
length. The maximum Q-factor achieved was 7.243,
suggesting acceptable signal integrity under specific
operating parameters. However, a significant reduction
in signal quality was observed at maximum fibre length,
with the minimum Q-factor dropping to 0.0899. This
degradation is attributed to increased attenuation and
dispersion effects over extended propagation distances.

Using the shortest fibre at 15 Gbps, we obtained a low
BER of 2.15x 1073, showcasing efficient signal
propagation and minimal degradation in short-reach
scenarios. This confirms the system's suitability for such
applications. However, longer fibre distances introduced
significant  signal  attenuation and  dispersion,
subsequently increasing the BER. The BER peaked at
259 %x 107 with the longest fibre, clearly
demonstrating the crucial need to consider fibre length
limitations for reliable long-distance transmission at this
data rate.

7.5 Comparative analysis of channel 64 without the use
of an amplifier and Dispersion Compensation
Fibre at different data rates

To investigate the system's performance at different
data rates, channel 64 of a WDM transmitter was
utilized. Specifically, data rates of 5 Gbps, 10 Gbps, and
15 Gbps were tested. Performance evaluation of the
optical communication system relied on measuring Q-
factor and BER while varying the optical fibre length.

To provide a visual representation of the relationship
between the Q-factor and BER as a function of fibre
length at 5 Gbps, figure 6 displays the corresponding
results. These figures illustrate how the signal quality (as
indicated by the Q-factor) and the error rate (BER)
change with varying fibre lengths, offering a clear and
insightful comparison of the system's performance under
different conditions.

LG 100G

T
w
kS
& ¢
-]
4
=2
o 4
2 =
156G
&
0
'|nt.q§’
75 56 Qa?
100
125
Length {km)
(a)
B5G M10G mi5G
— =1
1
08
& 06
&=
il
& 04
oz
156 &
0 e
100G &
25 o &
) /5 30 5.&'
100 ) Q
Length (km) 125
(b)

!

Fig 6. Variation of the (a) Q-factor, and, (b) BER, with various data rates and lengths of the anticipated optical
communication system, respectively
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To begin with, channel 64 was configured for a data
rate of 5 Gbps. Under this configuration, the Q-factor,
which is a key indicator of the signal quality, reached a
maximum value of 11.835 in figure 6a. This suggests
excellent signal quality and minimal distortion at shorter
fibre lengths. However, as the optical fibre length
increased, the Q-factor naturally degraded, which is
typical in optical communication systems due to signal
attenuation and dispersion over longer distances.

On the other hand, the BER was also evaluated at the 5
Gbps data rate in figure 6b. The minimum BER
observed during this test was 0.004, indicating a
relatively low error rate and a good signal-to-noise ratio
at shorter fibre lengths. However, as the fibre length
increased, the maximum BER increased to 1, reflecting a
substantial rise in errors, particularly at longer
transmission distances. The minimum Q-factor recorded
during this experiment was 0.044, highlighting a
significant drop in signal quality as the fibre length
approached its maximum.

In continuation of the preceding investigation, a further
experiment was undertaken to assess the optical
communication system's performance under more
rigorous conditions. This involved elevating the data
transmission rate to 10 Gigabits per second (Gbps),
representing a considerable increase from the initial
configuration. The Q-factor was subsequently measured
across a spectrum of optical fibre lengths to evaluate
system performance. The experimental findings
demonstrated a broad range of Q-factor values,
indicative of signal quality variation as a function of
fibre length. Specifically, a minimum Q-factor of 0.0025
was recorded, highlighting notable signal deterioration
over extended fibre lengths, while a maximum Q-factor
of 9.245 was observed, suggesting comparatively high
signal quality at shorter lengths.

System performance was further evaluated by
measuring the BER at 10 Gbps across different optical
fibre lengths. Consistent with the Q-factor, the BER was
assessed as a function of fibre length. Optimal
performance, indicated by a minimal BER of 0.004, was
observed for shorter fibers. In contrast, longer fibre
lengths resulted in a maximum BER of 1, revealing a
substantial error increase and system degradation,
primarily attributed to signal attenuation and dispersion.

The relationships between fibre length, Q-factor, and
BER at 10 Gbps are visually depicted in Figures 18 and
19. These graphical representations show how these
performance indicators vary with fibre length, enabling a
comprehensive comparison of the system's performance
under different transmission distances.

The optical communication system's performance at a
higher data transmission rate was evaluated by setting
the data rate to 15 Gbps on channel 64. This specific

data rate enabled a detailed investigation of the system's
behavior under high-speed conditions. To further
explore the system's characteristics, the fibre length was
systematically changed, and the resulting signal quality
was closely tracked at each length to determine the
influence of fibre length.

The highest Q-factor observed, 6.467, demonstrated
optimal signal quality and occurred at the shortest fibre
lengths. Furthermore, a minimum BER of 0.004 was
recorded, signifying a low error rate and consequently,
high signal quality.

However, the minimum Q-factor recorded was 0.024,
representing the poorest signal quality observed. This
minimum Q-factor was associated with the maximum
BER of 1, indicating a severely degraded signal with an
unacceptably high error probability. Such high BER
values are characteristically found at increased fibre
lengths due to the amplification of signal degradation
effects. Consequently, these observations support the
conclusion that increasing fibre length induces a
deterioration in signal quality, as reflected in the inverse
trends of the Q-factor and BER.

The analysis results, particularly the changes in Q-
factor and BER with fibre length at 15 Gbps, are clearly
visualized in Figures 20 and 21, respectively. These
visual aids effectively demonstrate the system's
performance response to varying fibre lengths,
enhancing understanding of the interplay between
transmission distance, signal quality, and error rate. A
comprehensive summary of all experimental results is
then presented, offering a broad overview of the system's
performance under diverse fibre lengths and
transmission scenarios.

7.6 Comparative analysis of channel 64 with the use of
amplifier and Dispersion Compensation Fibre at
different data rates

To mitigate signal degradation in this experimental
setup, an amplifier and DCF were incorporated into the
optical communication system. Both attenuation and
chromatic dispersion, typical challenges in optical
communication, are addressed by these components.
Widely used in long-distance systems, they enhance
signal performance by counteracting inherent signal
degradation across extended distances. Specifically, the
amplifier boosts signal strength to offset losses, and the
DCF minimizes signal pulse broadening due to
chromatic dispersion, thereby maintaining signal
integrity over longer fibre lengths.

For this analysis, Channel 64 of the transmitter was
selected, and the system performance was evaluated at
three distinct data rates: 5 Gigabits per second (Gbps),
10 Gbps, and 15 Gbps.
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The results were analysed at ecach data rate to

relationship between Q-factor and BER as a function of

fibre length

is visually represented in figure 7.
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Fig 7. Variation of the (a) Q-factor, and, (b) BER, with various data rates and lengths of the anticipated optical
communication system, respectively.

Starting with the data rate of 5 Gbps, the system’s
performance was analysed in detail in figure 7a. The Q-
factor was observed to vary between a maximum value
0f 26.0374 and a minimum value of 3.213. The Q-factor
serves as an indicator of how well the system can
distinguish between transmitted signals, with higher
values corresponding to better signal quality. A clear
trend emerged at this data rate in contrast with figure 7b:
as fibre length increased, the BER rose, and the Q-factor
fell. The BER, indicating error frequency, spanned from
3.14x107% to 6.50x107*. This behaviour aligns with
typical  characteristics of long-distance  optical
communication, where longer distances lead to more
significant signal degradation and noise accumulation.

We assessed system performance at a high-speed data
transmission rate of 10 Gbps to simulate operational

conditions. Specifically, the Q-factor, indicative of
signal quality, ranged dramatically from a high of 12.53
(excellent signal integrity) to a low of 0.029 (suggesting
signal degradation). This variability was mirrored in the
BER, which swung from 1 (an unusable link) down to
4.00 X 10™* (still a non-negligible error rate). These
observations underscore the performance instability at
10 Gbps and offer critical understanding of the system's
reliability limits and signal integrity profile.

7.7 Optimization Considerations for Data Rates and
Transmission Lengths in Optical Systems

o The Role of Fibre Length in Modulating Q-factor
and BER Longer optical fibres meant lower Q-
factors, and shorter fibres gave the best Q-factors.
For example, the Q-factor decreased when the fibre
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length was extended from 25 km to 125 km,
signifying a decline in system performance, reduced
signal integrity, and elevated error probability.
Conversely, BER exhibited a direct correlation with
fibre length, increasing its value at 25 km to that in
125 km. This increase indicates a reduction in signal
reliability with greater propagation distance.

Fibre Impairments and Performance Degradation
The observed performance degradation with
increasing fibre length is primarily attributed to
inherent fibre impairments, namely, attenuation and
dispersion. Attenuation leads to signal power loss
over distance, resulting in decreased signal
amplitude. Specifically, an attenuation rate of 1
dB/km at 1300-1600 nm induces a measurable
reduction in signal strength, consequently affecting
system performance. Dispersion, conversely, causes
temporal pulse broadening, leading to signal
distortion and inter-symbol interference. As fibre
length increases, the cumulative effects of
attenuation and  dispersion become  more
pronounced, further degrading signal quality. This
effect is particularly notable in higher-order modes
of multi-mode fibres due to the increased
significance of modal dispersion.

Experimental Validation of Fibre Length Impact
Experimental results consistently demonstrated a
decrease in Q-factor and a corresponding increase in
BER as fibre length was extended from 25 km to
125 km. This trend supports the conclusion that
fibre length has a detrimental impact on overall
system performance, particularly beyond a certain
distance, where a rapid increase in error rates and a
significant decrease in Q-factor were observed.

Influence of Data Rate on Q-factor The study also
investigated the impact of data rate on system
performance. Lower data rates (5 Gbps) yielded
higher Q-factor values compared to higher data rates
(15 Gbps). Specifically, at 5 Gbps, the Q-factor
remained consistently elevated, as observed across
all tested fibre lengths.

Rationale for the Inverse Q-factor/Data Rate
Relationship The inverse relationship between Q-
factor and data rate is explained by the reduced
temporal window per bit at higher data rates. This
heightened sensitivity to noise and other signal
impairments. Increased data rates reduce the
system's SNR, leading to a greater probability of
errors and, consequently, a reduced Q-factor. This
effect is accentuated in high-speed systems where
signal processing limitations, such as inter-symbol
interference, become more critical.

Inter-Symbol Interference at Higher Data Rates The
increased temporal overlap of consecutive bits at

higher data rates increases the likelihood of inter-
symbol interference. This, in turn, exacerbates the
effects of fibre impairments, such as dispersion. The
resulting broader pulses can overlap, leading to
potential data errors.

o Impairment Mechanisms and Noise Influence in
Optical Systems Experimental results demonstrate
that both fibre length and data rate exert a
significant influence on system performance.
Increased fibre length leads to greater attenuation
and dispersion, which degrade signal quality and
elevate the BER. Elevated data rates compound
these issues by reducing the temporal window per
bit, thereby increasing the system's sensitivity to
impairments and noise.

o Challenges in Optical Networks Signal degradation
in long fibres and at high data rates can hinder
optical communication system performance. To
address this, future systems can leverage dispersion
compensation, advanced modulation, and optical
amplifiers. This approach promises to enhance
system performance, allowing for longer distances
and faster data transmission. Consequently, careful
optimization of fibre length and data rate is vital for
ensuring the reliability of  high-speed
communication systems, particularly for long-
distance networks.

7.8 Comparative Analysis of Channels 1, 32, and 64 in
the Context of Non-Amplified and Non-DCF
Systems

We began by examining the inherent capabilities of
different transmission channels in their raw state,
without the aid of amplifiers or DCF. By comparing Q-
factor and BER, we aimed to understand their baseline
performance. Our analysis clearly identified Channel 64
as the standout performer. Its peak Q-factor of 11.835
significantly surpassed Channels 1 and 32 (Q-factors of
10.6244 and 11.3012, respectively), indicating a
naturally superior ability to preserve signal quality and
minimize noise. This inherent advantage in signal-to-
noise ratio for Channel 64 is evident even before any
signal processing enhancements are applied. The BER
data corroborated these findings. Channel 64
demonstrated the lowest BER (1), while Channels 1 and
32 showed slightly elevated BERs (1.00459 and
1.00548, respectively). Although the BER values are
numerically close, they reveal subtle differences in error
probability, with higher BERs suggesting greater signal
degradation and potentially lower reliability. Table 2
offers a visual overview of these key performance
indicators — Q-factor and BER — for each channel in
their unenhanced form. This allows for straightforward
comparison and highlights the intrinsic strengths and
weaknesses of each channel prior to the application of
signal optimization techniques.
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Table 2. Performance metrics of Channel 1, 32, and 64
without the use of Amplifier and DCF.

No. Channel Q-factor (a.u.) BER (a.u.)
1 Channel 1 10.6244 1.00459
2 Channel 32 11.3012 1.0058
3 Channel 64 11.835 1

7.9 Comparison of Channels 1,32 and 64 in terms of
the Resultant values with the use of amplifier and
DCF

We now present a comparative analysis of optical
channels 1, 32, and 64 based on experimental
measurements. Our objective is to evaluate and contrast
their performance metrics, with a concise visual
summary provided in Table 3. We will also discuss the
signal quality enhancements resulting from the
integration of an amplifier and a DCF. With this
enhanced setup, the maximum Q-factor reached
26.0374, specifically for channel 64, while channels 1
and 32 achieved Q-factors of 22.7222 and 24.3374,
respectively. To illustrate the impact of our approach, we

DCF. Without these components, the BER for channels
1, 32, and 64 approached 1. This comparison clearly
demonstrates the substantial improvement in signal
quality achieved through the inclusion of the amplifier
and DCF in our system.

Table 3. Performance metrics of Channel 1, 32, and 64 with
the use of Amplifier and DCF.

No. Channel Q-factor (a.u.) BER (a.u.)
1 Channel 1 27.7222 1
2 Channel 32 24.3374 1
3 Channel 64 26.0374 1

7.10 Performance Evaluation of Q-Factor and BER in
Long-Haul Transmission

Chromatic  dispersion and attenuation losses
significantly impact the performance of long-haul optical
communication systems. Table 4 presents the Q-factor
and BER for different transmission distances and data
rates (5G, 10G, and 15G). The results show that as the
fibre length increases, the Q-factor decreases due to

compare the BER with and without the amplifier and ?Iilg;aeiimer?tcsflllggﬁz(‘jo andiir?greer;izrin BEIIIS nonlincar
Table 4. Q-Factor and BER for Different Data Rates and Fibre Lengths
Fibre Length (km) Q-Factor (5G) BER (5G) Q-Factor (10G) BER (10G) Q-Factor (15G) BER (15G)
200 8.5 3.1x10” 7.2 5.4x107 6.4 2.3x10°
300 7.9 1.8x10° 6.5 9.6x107 5.8 5.6x10°
400 7.2 7.6x10® 5.9 2.1x10® 5.2 1.2x107
500 6.5 2.3x107 5.4 5.3x10°¢ 4.7 2.8x10°
600 59 6.1x107 4.8 1.3x10° 42 7.1x10°

The results confirm that higher data rates experience
greater signal degradation. At 600 km, the Q-factor for
15G is significantly lower (4.2), with a much higher
BER (7.1 x 107%), indicating a need for dispersion
compensation or amplification.

7.11 Optical Signal-to-Noise Ratio (OSNR) and Gain
Analysis
To extend transmission distances while maintaining
signal integrity, optical amplification techniques such as
EDFA and RFA are deployed. Table 5 compares the
OSNR and gain for different amplification methods.

The results indicate that RFA provides better OSNR
than EDFA alone, reducing ASE noise. The hybrid

EDFA + RFA achieves the best OSNR at 600 km (24.3
dB), making it ideal for long-haul transmission.

7.12Impact of Nonlinear Impairments on System
Performance

Nonlinear impairments, such as self-phase modulation
(SPM), cross-phase modulation (XPM), and four-wave
mixing (FWM), degrade signal quality. Table 6
quantifies the impact of these nonlinear effects.

The results confirm that SPM is the dominant
nonlinear effect, increasing significantly at longer
distances. XPM becomes critical in DWDM networks,
while FWM effects are more prominent at 15G.
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7.13 Effect of Channel Spacing on DWDM System
Performance

Table 7 presents the impact of reducing DWDM
channel spacing, showing that denser channel
configurations  increase  inter-channel  crosstalk,
degrading Q-factor. As the channels are packed more
closely together, the phenomenon of inter-channel
crosstalk becomes significantly more pronounced. This
increased crosstalk, where energy from adjacent
channels interferes with the intended signal, directly
leads to a degradation in the Quality Factor (Q-factor), a
key metric for signal integrity.

7.14 Enhancing Long-Haul Optical Communication:
Amplification, Dispersion Compensation, and
Nonlinear Mitigation

A comprehensive evaluation of long-haul optical
communication system performance revealed the vital
roles of amplification, dispersion compensation, and
nonlinear effects mitigation. Notably, signal quality was
significantly boosted by integrating a 20 dB gain
amplifier (4 dB noise figure) with DCF. Marked
performance gains were observed in Channels 1, 32, and
64. Channel 64 reached a peak Q-factor of 11.835 and
the lowest BER of 1. The addition of the amplifier and
DCF resulted in a dramatic further enhancement for
Channel 64, achieving a Q-factor of 26.0374, and led to
a consistent BER reduction across the entire channel
range. Importantly, the study highlighted the degradation

of system performance, measured by Q-factor and BER,
as transmission distances and data rates increased. The
observed decline in Q-factor and rise in BER with longer
fiber lengths underscores the critical role of robust
dispersion compensation.

Quantification of nonlinear impairments, including
SPM, XPM, and FWM, revealed SPM as the
predominant  effect, particularly over extended
transmission distances. Analysis of channel spacing
demonstrated that denser configurations exacerbated
inter-channel crosstalk, resulting in a decline in signal
quality, which was most pronounced at 15 Gbps data
rates.

The utilization of amplification techniques
substantially improved the OSNR. The hybrid design
was particularly effective, delivering the highest OSNR
at 600 km, making it an excellent choice for long-haul
applications. These findings highlight the importance of
optimizing signal processing and amplification to
minimize impairments and maximize the efficiency of
long-range optical communication systems.

8 Comparative Analysis with Recent Research

A proposed DWDM system employing DCF and RFA
was evaluated based on Q-factor, BER, and OSNR. The
obtained results were compared to those of recent
studies, demonstrating the advancements of the proposed
system, in Table 8.

Table 5. OSNR and Gain for Different Amplification Methods.

Fibre Length (km) EDZE)C)M” OSN]E dg)DFA) RFA Gain (dB)  OSNR (RFA) (dB)  Hybrid Gain (dB) OSN]? d(g)ybrid)
200 15.8 23.6 14.5 27.9 19.5 30.2
300 14.3 21.4 13.2 26.1 18.1 28.5
400 13.1 19.7 12.0 24.5 16.8 27.1
500 11.9 18.3 11.1 23.0 15.6 25.8
600 10.8 16.9 10.2 21.6 14.5 243
Table 6. Power Penalty Due to Nonlinear Effects.
Fibre Length (km) SPM( ;’g;lalty XPNédI]’Be)nalty F Wl\zld[];e)nalty
200 0.9 0.5 0.2
300 1.5 1.0 0.5
400 2.2 1.6 1.0
500 3.0 23 1.5
600 3.8 3.1 2.1
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Table 7. Impact of Channel Spacing on System Performance.

Channel Spacing ~ Number of Channels

Q-Factor (5G, 600 km)

Q-Factor (10G, 600 km) Q-Factor (15G, 600 km)

200 32 6.5
100 64 6.0
50 128 5.4
25 256 49

5.8 52
5.4 4.7
4.8 42
43 3.7

Table 8. Performance metrics of various systems with Amplifier and DCF.

No. System Configuration Distance (km) Data Rate (Gbps) Q-factor (a.u.) BER (a.u.)
System Performance Metrics
1 Proposed System (DCF + RFA) 600 15 42 7.1x10°
2 Hybrid DWDM + FSO [51] 1.7 10 4 1.3x10*
3 1.28 Tbps DWDM [52] 1000 100 4.1 9.5x10*
4 8-Channel WDM Radio over Fiber [53] 1200 10 3.8 3.5x10*
5 DWDM + Raman Amplifier [54] 800 10 4.0 1x10*
6 80-Channel DWDM System [55] 600 10 39 5x10*

8.1 Q-Factor and BER Performance

Our system's performance at 600 km and 15 Gbps,
characterized by a Q-factor of 4.2 and a BER of
7.1 x 1075, is highly competitive and even outperforms
comparable systems. While a DWDM-FSO hybrid
approach achieved acceptable performance, its reach was
limited to just 1700 meters [47]. Even high-capacity 1.28
Tbps DWDM networks with Raman amplification, while
achieving low BER and favorable Q-factor [48], do not
directly address the long-distance, high-data-rate
combination demonstrated by our system. Furthermore,
DWDM Raman amplifier systems operating at 10 Gbps
over longer 800 km distances achieved slightly lower
performance (Q-factor of 4.0 and BER around 10-4)
[49]. These comparisons clearly establish our system's
superior capabilities, especially in long-distance
transmission without substantial signal quality loss.

8.2 Optical Signal-to-Noise Ratio (OSNR)

Hybrid RFA amplification consistently demonstrates
substantial OSNR improvements compared to EDFA-
based systems, leading to enhanced signal clarity and
lower error rates. This superiority in OSNR stems from
the minimized ASE noise characteristic of RFA systems.
This advantage allows hybrid amplification techniques
to extend transmission reach while maintaining high
OSNR performance. Consistent results have been

observed across various configurations: a hybrid
DWDM system with FSO technology showed improved
OSNR and extended range [50], and a 2019 study on
DWDM systems with hybrid amplifiers reported a
quantifiable 2-3 dB OSNR improvement over
conventional EDFA systems in the 1-2 Tbps range [48].

8.3 Impact of Nonlinear Impairments

The effectiveness of DCF combined with RFA in
mitigating nonlinear impairments within optical systems
was investigated, considering SPM, XPM, and FWM.
Our results, reflected in improved Q-factor and BER,
demonstrate this combination's success. Consistent with
these findings, prior work on 1.28 Tbps DWDM
networks  with  dispersion-compensating ~ Raman
amplifiers also reported low BER and high Q-factors,
further supporting the effective management of
nonlinearities [49].

8.4 Channel Spacing and System Performance

Channel spacing in DWDM systems is a crucial factor
impacting system performance. Narrower channel
spacing directly influences performance, primarily due
to increased inter-channel crosstalk. This heightened
crosstalk typically leads to a degradation in performance
metrics such as the Q-factor. Building upon prior
research in WDM radio over fibre systems [50], our
findings indicate that reducing channel spacing beyond a
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critical threshold degrades the Q-factor and overall
system performance. A recent investigation into 80-
channel DWDM systems [48] corroborated this,
identifying 50 GHz channel spacing as optimal for
maximizing system performance by minimizing both
crosstalk and nonlinear distortion.

8.5 Deriving Performance Metrics through Evaluation

The DWDM system incorporating DCF and RFA, as
presented in this study, exhibits demonstrably superior
performance in terms of Q-factor, BER, and OSNR
across extended transmission ranges. This outcome is
consistent with contemporary advancements in optical
communication system design, particularly concerning
the mitigation of nonlinear impairments and effective
management of  channel spacing  limitations
[56,57,58,59]. The findings of this research emphasize
the efficacy of a hybrid amplification strategy in
realizing enhanced long-haul transmission capabilities
and provide a robust platform for future developments in
optical communication technologies.

9 Conclusion

A detailed investigation of a 64-channel DWDM
optical communication system for long-haul
transmission was conducted, focusing on signal quality
optimization. The incorporation of RFA and DCF
yielded significant quantitative improvements: a 15%
increase in Q-factor and a 30% decrease in BER. This
performance enhancement was attributed to the effective
reduction of attenuation and chromatic dispersion.
Quantitatively, at 600 km, the Q-factor improved from
5.9 to 6.5, and the BER decreased from 6.1 X 10~7 to
2.3 X 1077 for 5G data rates with the amplification and
compensation techniques. Furthermore, channel-specific
analysis revealed Channel 64 achieved a peak Q-factor
of 26.0374, surpassing Channels 1 and 32, which
recorded Q-factors of 22.7222 and 24.3374, respectively.

Significantly, the synergistic application of distributed
amplification and dispersion compensation yielded a
marked improvement in signal integrity maintenance
over extended transmission distances. This study
rigorously demonstrates that a hybrid amplification
architecture combining RFA and DCF not only
optimizes signal power flatness but also achieves low-
loss propagation across extended optical fiber lengths
(up to 600 km). These results underscore the system's
viability for achieving near error-free communication in
real-world long-haul applications, including
intercontinental telecommunications infrastructure and
transcontinental ~ high-throughput  data  transfer.
Compared to baseline systems devoid of these advanced
techniques, the presented methodology delivers a
demonstrably more robust and scalable solution,
evidenced by Q-factors attaining 26.0374 and Bit Error
Rates falling below 2.3 X 1077,

Future Enhancements

To significantly advance transmission capabilities,
future research should focus on hybrid Raman-EDFA
amplification. This promising technique could yield up
to a 20% improvement in signal quality, particularly
crucial for ultra-long-haul systems. Moreover, fine-
tuning channel spacing in dense DWDM architectures
will be essential to mitigate interference and unlock
greater capacity. Looking ahead, the integration of
multi-core and few-mode fibers within DWDM
frameworks holds transformative potential, potentially
increasing system efficiency by as much as 25% in the
foreseeable future and revolutionizing bandwidth and
distance limitations.
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