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SUMMARY 

The growing need to improve the speed and quality of communication networks currently discussed in 

this paper is motivated by the uncontrolled increase in the world data traffic. Although fiber optic is 

essentially well placed to satisfy this requirement, it has long term problems like scattering, distortion 

nonlinearity and oscillating noise. The current Machine Learning (ML)-enabled optical communication 

designs mainly maximize the Bit Error Rate (BER) and the throughput in the separation, but they do not 

take into account the computational burden and network latency of the ML models themselves. To address 

these shortcomings, we offer a new hybrid intelligent optical communication system which integrates 

Convolutional Neural Networks (CNNs) and an evolution-based adaptive modulation selection scheme 

(Genetic Algorithm (GA)). The main innovation is that three key metrics are optimized jointly and multi-

objectively: BER, latency, and evaluation overhead which is a key distinguishing factor compared to the 

previous single object-optimized modulation adaptation frameworks. The suggested solution is a 

dynamical control of the modulation scheme, i.e., the choice of QPSK, 16-QAM, and OFDM, according 

to the real-time Signal-to-Noise Ratio (SNR) and dispersion patterns. It was simulated and verified with 

the help of the MATLAB R2023a and Opti System 17 using the multi-wavelength Dense Wavelength 

Division Multiplexing (DWDM) platform. The system recorded the highest throughput of 96 Gbps and a 

45 percent reduction in BER over traditional systems, which validated a BER improvement over the older 

system models. Attenuation was set at 1.5 dB km over a 50km fiber connection with the average latency 

of less than 10ms. The effectiveness of this hybrid method is better established and confirmed through 

comparative analysis with six benchmark studies that prove the superiority and scalability of this hybrid 

method in next-generation and ultra-high-speed fiber systems. 

Key words: fiber optics, optical communication, adaptive modulation, machine learning, bit error rate 

optimization, high-speed transmission. 
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INTRODUCTION 

The data traffic is expanding at an explosive rate, creating a demand to increase the speed and reliability 

of the communication networks; hence, the fiber optic systems are being developed. Fiber optic methods 

are most appropriate to address such a demand since they are capable of transmitting large volumes of 

data within a short period of time efficiently [1]. Fiber optics overcomes the problems associated with 

conventional power transmission, which has the highest bandwidth and low signaling loss over a long 

range [6]. 

In the past, the traditional DSL, DSLAM, or Broadband technologies operated mainly with twisted pairs, 

which were an extremely slow (2 to 20 megabits per second) and short (3.5 to 5 kilometers) system, 

having to be corrected with signal repeaters [15][17]. In a severe contrast, optical fibers are declared to 

be the primary foundation of new data transfer directions that offer very fast speed and security of 

property, as well as strong communication over long distances [18][19]. 

However, as demand grows, fiber optic systems themselves are also problematic, such as scattering, 

nonlinearity of the distortion, and oscillating noise, which inhibit the possible rate of data transmission 

and reliability [2] The practical use of this technology is enormous, and it has a crucial role in modern 

data centers, including cloud AI, deep learning, and smart city communications [3][4]. Optical 

transmission is employed throughout the world at very high speeds by application of high-tech 

technologies like DWDM [13][14][28]. 

Although there are numerous optical ML schemes studied to predict channel and modulation-based 

adaptation, existing schemes primarily maximize BER and throughput in separation [10]. There is still 

a need for an intelligent, adaptive framework that will do multi-objective optimization in real-time 

DWDM conditions. 

The study suggests that an intelligent, adaptive optical communication framework aims at addressing 

these impairments and, at the same time, proposes machine learning-controlled modulation adaptation 

and real-time reconfiguration through a feedback loop. In contrast to the earlier research, the work 

proposed makes use of crossbreeding of CNN-based modulation predictor and GA-driven fine-tuning 

layer and conducts multi-objective optimization with respect to BER, latency, and efficiency-based 

computation. This method is a newly emerged learning-planned modulation pleasure technical trend of 

learning that exhibits a great degree of autonomy in comparison to the previous studies that have been 

reported [20]. 

Key Contributions 

• The study presents BER, latency, and evaluation overhead as a novelty that is not optimized 

simultaneously in previous optical ML-based techniques. 

• Nevertheless, the work uses a crossbreeding of a CNN-based modulation predictor and a GA-

driven fine-tuning layer, and thus, it is high in autonomy. 

• In comparison to the standard QAM systems, the system operated with a highest throughput of 

96 Gbps and a 45 percent reduction in BER than the conventional systems, and it demonstrated 

a 1.3 × greater improvement in BER than earlier designs. 

• The framework is modelled and tested through a multi-wavelength DWDM platform, which 

illustrates a robust, scalable, and intelligent communication model that would be effective in 

ultra-high-speed in the next generation of fiber systems. 

The rest of this study will be structured as follows: Section 2 will cover a Literature Review and a 

comparative analysis of the related studies done before. Section 3 describes the Methodology, such as 

the proposed structure, mathematical modeling (Channel Capacity, Attenuation, and BER), and 

experimental setup. Section 4 presents the quantitative Results, while Section 5 provides the analytical 

Discussion and performance comparison. Finally, Section 6 concludes the study and outlines future 

research directions. 
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LITERATURE REVIEW 

This section will address several previous studies closely related to the topic of the article. A brief 

definition of each previous study will be given, in addition to a detailed comparison at the end of this 

section. Reviewed historical evolution in optical communication from mirror-based systems to FSOC, 

emphasizing advantages of high speed, cost savings, and backup network potential, while noting 

susceptibility to atmospheric conditions [21]. Used to examine the DOFS based on combining related 

techniques of optical communication, including coherent-based-detection, differential in polarization, 

and signaling-based multicarrier, in order to enhance sensing in terms of performance, summarizing 

main principles and their applications of fiber sensing models [22]. Investigated high throughput of fiber 

optic techniques based on ultra-wideband via providing crucial optimization of the power channel 

distributions and controlling inelastic influence of inter-channel SRS, demonstrating pragmatic 

appropriate methods for performance gaining close to optimal [23]. Garg et al. (2023) explored the next 

generation of optical systems based on wireless communication via combining fiber with wireless 

techniques, investigating advancements such as RoF, fiber to the home (FTTH), and also FSO, 

computing enhancements of system performance with minimizing the cost [24]. Musunuri et al. (2024) 

presented design, manufacturing, and testing of high-reliability PCBs for fiber optic systems, 

emphasizing advanced materials, precise fabrication techniques, and rigorous quality control for optimal 

system performance [25]. Illustrated optical fiber design for high-speed data transmission, optimizing 

single- and multi-mode fibers using mathematical modeling and DWDM, highlighting improvements in 

network performance and potential innovations [26][29]. Table 1 summarizes the comparison of the 

proposed work with the literature review studies in terms of findings, method, advantages, and 

limitations. 

Table 1. Comparative analysis of proposed work against prior optical communication studies  

Study Findings Method Advantages Limitations 

Proposed 

Work 

Maximizes rates, 

reduces errors, and 

minimizes fading. 

Mathematical models and 

simulations with 

WDM/modulation. 

High throughput, 

low fading, real-

time optimization. 

Complex 

integration and 

implementation. 

Study 

[21] 

FSOC is fast and 

cost-effective but 

weather-sensitive. 

Historical and literature 

review. 

Wide bandwidth; 

rapid deployment. 

Vulnerable to 

environmental 

conditions. 

Study 

[22] 

Improves DOFS 

sensing 

performance. 

Integrates coherent 

detection, polarization 

diversity, and multicarrier 

signaling. 

Enhanced 

measurement 

accuracy and 

range. 

Primarily focused 

on sensing. 

Study 

[23] 

Achieves near-

optimal 

throughput via 

power 

optimization. 

Optimizes launch power 

and manages Raman 

effects. 

Practical 

strategies for high 

performance. 

Complex 

optimization; sub-

optimal methods. 

Study 

[24] 

Merges fiber and 

wireless for cost-

effective high 

capacity. 

Comprehensive review of 

integrated optical-wireless 

techniques. 

Broad application 

and potential cost 

savings. 

Lacks experimental 

validation. 

Study 

[25] 

Enhances system 

performance via 

high-reliability 

PCBs. 

Empirical design, 

fabrication, and testing. 

Improved signal 

integrity and 

durability. 

Limited to PCB 

aspects; not 

system-wide. 

Study 

[26] 

Boosts fiber 

transmission speed 

and minimizes 

loss. 

Optimizes fiber design 

using mathematical 

modeling and DWDM. 

Significantly 

improves network 

performance. 

Focuses mainly on 

fiber parameters. 

 

Table 1 presents an overview of the vast comparison of the proposed work with the previous ones that 

are explained in the literature review [21][26]. It compares their ways, strengths, and weaknesses in 

terms of essential performance indicators. The novelty of the proposed framework is also explicitly 

mentioned in the table and is not only characterized by high throughput and low fading as its 

performance metrics, but it is also characterized by the unique feature of real-time, multi-objective 

optimization by its CNN-GA hybrid design. 
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METHODOLOGY 

Proposed framework 

The priority in building a proposed optical communication model is to model the transmission channel 

capacity based on the bandwidth and the signal-to-noise ratio. This is done based on Equation 1: 

𝐶 = 𝐵. .× log2(1 + 𝑆𝑁𝑅)    (1) 

Where: 

𝐶: channel capacity. 

𝐵: bandwidth. 

𝑆𝑁𝑅: signal-to-noise ratio. 

One of the most prominent characteristics of data transmission via fiber is signal attenuation or 

reduction, which depends on calculating the logarithm of the ratio of input power to output power, as 

shown in Equation 2: 

𝐴 = 10 × log10
𝑃𝑖𝑛

𝑃𝑜𝑢𝑡
            (2) 

Where: 

𝐴: signal attenuation. 

𝑃𝑖𝑛: input power. 

𝑃𝑜𝑢𝑡: output power. 

Wave attenuation is a significant challenge when designing a communication system, whether the 

transmitting medium is optical or wireless. Signal attenuation is inversely proportional to the distance 

between the signal source and the point for which attenuation is calculated. When designing optical 

communication systems, attenuation is inversely proportional to the fiber length, assuming a constant 

bandwidth. If the bandwidth is not constant, the fiber length is constant and known. In both cases, the 

attenuation of the signal transmitted through the fiber medium is calculated as shown in Equation 3: 

𝐷 =  
∆𝜆

𝐿
                                  (3) 

Where: 

𝐷: dispersion.  

∆𝜆: spectral-width. 

𝐿: fiber length.  

In any communications and data transmission system, the bit error rate (BER) is an essential and crucial 

factor in measuring the system's quality and its ability to transmit data with the lowest error rate. The 

BER is calculated by applying the Q equation to the energy per bit-to-noise density ratio (EPR). The Q 

equation is intended to calculate the exponential integral for the time period required to transmit data 

through the fiber transmission medium, as shown in Equations 4 and 5, respectively: 

𝐵𝐸𝑅 = 𝑄 (√2 
𝐸𝑏

𝑁0
)               (4) 
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Where: 

𝐵𝐸𝑅: bit error rate. 

𝐸𝑏

𝑁0
: energy per bit-to-noise density ratio. 

𝑄: 𝑄-function. 

𝑄(𝑥) =  
1

√2𝜋
 ∫ exp (− 

𝑡2

2
)  𝑑𝑡

∞

𝑥
   (5) 

The modulation schemes considered involve QPSK, 16-QAM, and OFDM, chosen dynamically over 

real-time SNR input. Noise filtering is implemented utilizing a Wiener filter with a window size of about 

three samples. Channel estimation is achieved using a CNN model trained on a dataset of 10,000 SNR-

BER mappings over about (3 fiber lengths) and (4 noise models). Tools utilized involve MATLAB 

R2023a and OptiSystem 17, based on test conditions about (1550 nm) wavelength, (50 km) single-mode 

fiber, and input power varying from (−10 dBm) to (+5 dBm). A convolutional neural network (CNN) is 

trained to estimate the optimal modulation depending on historical BER-SNR patterns. The proposed 

model is used to be trained on about (10,000 samples) of changing fiber length, noise kinds, and 

modulation-combinations. The accuracy is reached at (94%) for predicting the finest modulation strategy 

for Min. BER value. The CNN involves about (3 convolutional layers), (1 dense layer), and ReLU 

activation, performed utilizing MATLAB’s Deep Learning Toolbox. To analytically validate BER, the 

derivative of BER utilizing the Q-function form as shown in Equation 6: 

𝐵𝐸𝑅 =  𝑄(√(2𝑅𝐸_𝑏/𝑁₀))        (6) 

Where: 

𝑅: the transmission rate. 

𝐸_𝑏/𝑁₀: the bit-energy-to-noise ratio. 

Again, channel capacity 𝐶 is used to be validated utilizing Shannon's theorem as shown in Equation 7: 

𝐶 =  𝐵 𝑙𝑜𝑔₂(1 +  𝑆/𝑁)            (7) 

 The simulation in this study is achieved 𝑤𝑖𝑡ℎ 𝐵 =  [10, 50, 100 𝐺𝐻𝑧] and 𝑆/𝑁 =  [10 − 100 𝑑𝐵] to 

monitor and make an observation of the efficiency of the channel envelope. Data to be transmitted via 

the proposed fiber medium is prepared and assembled. A noise filter is applied simultaneously. 

Immediately following this, the channel is calculated, and the modulation process is optimized. Data 

transmission is then performed via WDM. Optical amplification and dispersion compensation are then 

applied, along with signal detection and optical detection. As is the case with all communications 

systems, especially fiber and optical, error detection is then performed, along with an attempt to address 

the error. The performance of the proposed system is then measured. Based on this measurement, 

feedback is applied, as illustrated in Figure 1. 

Figure 1 shows the entire process of operation of the proposed intelligent communication setup. The 

data collection and noise reduction are the beginning of the workflow, followed by the Adaptive 

Modulation and Channel Estimation block. The step of Modulation Scheme Selection utilizes the layer 

of GA-driven to carry out multi-objective optimization of BER, Latency, and Overhead. After the 

transmission and detection of the signal by WDM, an essential Feedback Control Loop is engaged. This 

loop is self-recursive and keeps track of performance and provides corrections through an FEC Adaptive 

Equalizer to achieve minimum BER and best throughput of the ultra-high-speed system [27]. 
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Figure 1. CNN-GA driven adaptive modulation workflow for low-latency optical fiber transmission 

Experimental Validation Setup 

To ensure the simulation key findings and confirm the global feasibility property, a laboratory is used 

to set up to imitate the proposed model. The experimental validation converged on verifying key model 

parameters like BER, attenuation, and latency over experimental conditions of fiber-optic transmission. 

The main setup combined standard components of optical hardware, while modulation switching is 

controlled via MATLAB interfacing with the Opti System, and real optical measurements are obtained 

utilizing a DFB laser source, fiber spool, and photodetector. Table 2 highlights the basic experimental 

configuration utilized in such validation. 

Table 2. Parameters and components of the experimental validation setup 

Component Specification / Description 

Optical Source Distributed Feedback (DFB) laser, 1550 nm center wavelength 

Fiber Link 5 km single-mode optical fiber spool 

Optical Modulator Mach–Zehnder Modulator (MZM) driven by an external electrical signal 

Photodetector PIN photodiode receiver (10 GHz bandwidth) 

Amplifier Erbium-Doped Fiber Amplifier (EDFA) with 20 dB gain 

Noise Injection Programmable AWGN generator for SNR variation 

Signal Generation & 

Acquisition 
Keysight Arbitrary Waveform Generator and Digital Oscilloscope 

Control & Processing MATLAB R2023a – OptiSystem 17 co-simulation environment 

Measured Metrics BER, attenuation, output power, and end-to-end latency 
 

Table 2 depicts that the parameters and components in the small-scale laboratory setup described in this 

table will be used to validate the experiment. It represents the basic hardware design, which is a DFB 

laser source, the 5 km single-mode fiber connection, the Mach-Zehnder Modulator (MZM), and the PIN 

photodiode receiver. In addition, it supports the fact that a MATLAB R2023a - OptiSystem 17 co-

simulation environment is utilized, and the main metrics (BER, attenuation, and latency) are measured 

to check the simulation results. 

Figure 2 illustrates the mini physical laboratory environment in which the proposed CNN-GA method 

was experimentally tested and approved its simulation results. The configuration makes use of co-

simulation of MATLAB and OptiSystem. The main parts that are presented are the DFB laser source, 

Mach-Zehnder Modulator (MZM), a single-mode fiber 5 km spool, and the PIN photodiode receiver. 

Start 

Data Collection & Preprocessing 

Parallelization & Noise Filtering 

Adaptive Modulation & Channel Estimation 

Pilot Signal Insertion & Machine Learning 

Base Channel Estimation 

Modulation Scheme Selection 

Optical Transmission via WDM 

Optical Amplification & Dispersion 

Compensation 

Signal Detection & Photodetection 

Error Detection & Correction (FEC Adaptive 

Equalizer) 

Real-time Monitoring & Performance 

Analytics 

Feedback Control Loop (Dynamic 

Reconfiguration & ML) 

End 

A 

A 
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The modeling enables the real-time monitoring and measurements of the system performance to ensure 

strong consistency between the experimental findings and simulation forecasting. 

 

Figure 2. Laboratory setup for experimental validation of the CNN-ga optical communication framework 

Proposed algorithm 

Algorithm 1 presents a novel adaptive communication operation designed to improve the performance 

of the fiber-optic model over dynamic channel circumstances. It starts with the raw signal conquest and 

preprocessing, after that, a real-time noise funnel and parallel data handling. The proposed algorithm 

iteratively estimates many modulation schemes, such as QPSK, OFDM, and 16-QAM, by utilizing a 

machine learning-based channel predictor to choose the best configuration depending on both the 

throughput and bit error rate (BER) constraints. 

Algorithm 1.  Adaptive Optical Communication Algorithm for High-Speed Fiber Systems. 

Start   

Input: Raw signal data S(t), fiber parameters {L, α, β}, bandwidth B, SNR, modulation schemes M = 

{QPSK, QAM, OFDM}   

Output: Optimized transmitted signal T(t), Performance metrics {BER, Throughput, SNR}   

 Step 1: Initialize system configuration   

  Set modulation = NULL, filter = NULL   

  Set optimal_throughput = 0   

 Step 2: Preprocessing   

  Apply noise suppression to S(t) using adaptive filters   

  Perform parallel data separation for channel diversity   

 Step 3: For each modulation scheme m in M do   

   Estimate channel conditions (using ML estimator: CNN-based predictor)   

   Calculate channel capacity C using   

     C = B × log₂(1 + SNR)   

   Simulate BER using   

     BER = ½ × erfc(√(E_b/N₀))   

   If BER < threshold and throughput > optimal_throughput then   

     Set modulation = m   

     Update optimal_throughput   

   End If   

 End For   

 Step 4: Signal Transmission   

  Apply chosen modulation   

  Insert pilot symbols for channel estimation   

  Transmit using WDM across N wavelengths   

  Amplify optical signal using EDFAs   
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  Apply dispersion compensation   

 Step 5: Reception and Correction   

  Detect signal via photodetector   

  Apply ML-based error correction using the FEC equalizer   

  Monitor SNR and reconfigure if performance drops   

 Step 6: Performance Evaluation   

  Calculate throughput, BER, and attenuation   

  Log results to the performance database   

End 

Adaptive Optical Communication Algorithm combines machine learning with optical physics to provide 

data transmission of high-speed and reliability. It starts with initializing configurations and processing 

raw signals by means of noise suppression and separation of data (11). A fundamental loop compares 

modulation schemes (QPSK, QAM, OFDM) to a CNN-based predictor to provide an estimate of channel 

conditions and determine capacity and Bit Error Rate () based on the scheme is chosen as the best one 

in case it satisfies threshold requirements.  The pilot symbols are estimated during transmission and the 

signals are multiplexed through WDM and amplified. Lastly, the system uses ML based error correction 

at the receiver, observes the performance analytics to reconfigure in real-time.  

Step 1-2 (Setup) is concerned with readiness of the system and cleaning of the signal to eliminate initial 

noise. Step 3 (The CNN-GA Core) Applies machine learning to forecast the optimal modulation scheme 

by setting a balance between throughput and theoretical error limits. Step 4 (Physical Layer) Implements 

the optical transmission by Wavelength Division Multiplexing and Erbium-Doped Fiber Amplifiers 

(EDFAs). Step 5-6 (Closing the Loop) Identifies the signal and employs an FEC equalizer to perform 

error correction and records final performance by recording final statistic such as the 96 Gbps 

throughput. 

RESULTS 

In this section, the simulation results of the proposed model will be presented, as well as the simulation 

results to measure the performance of the proposed model, in addition to comparing the simulation 

results of the proposed model with six previous studies closely related to the topic of the article. The 

simulations are executed over controlled environments to replicate the realistic properties of fiber-optic 

communication systems. The utilized parameters are shown in Table 3: 

Table 3. Key parameters of the MATLAB/Opti system simulation environment 

Parameter Value 

Wavelength 1550 nm 

Fiber Type Single-mode 

Fiber Length 50 km 

Dispersion 17 ps/nm/km 

Amplifier Type EDFA with 20 dB gain 

Noise Model Gaussian + Rayleigh 

Input Power Range −10 to +5 dBm 

Simulation Tools MATLAB R2023a, OptiSystem 17 

BER Threshold 10⁻⁹ 

Channel SNR Range 10–50 dB 
 

Table 3 shows the numerical values of the parameters that are considered necessary in the 

MATLAB/OptiSystem simulation environment. This is in the form of the 1550 nm center Wavelength, 

the Fiber Length of 50km, the Chromatic Dispersion value of 17 ps/nm/km, and the strict BER Threshold 

of 10-9. These realistic parameters had been selected in a careful manner such that the results obtained 

could be reproducible and would be an accurate representation of the real-world deployment conditions 

of ultra-high-speed optical systems.  
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Physical Layer Impairments and Modeling 

 

Figure 3. Analysis of key physical layer impairments, attenuation, dispersion, and wavelength-frequency relation 

Figure 3 gives a summary of the significant physical layer impairments that are experienced in the optical 

communication system. The subplots are graphically elaborating: the attenuation of the signal with fiber 

distance, the distortion of the dispersion on the signal, and the inverse relationship between Wavelength 

and optical frequency. This collective opinion is essential to comprehend the fundamental issues within 

the high-speed transmission and substantiates the capability of the system to sustain the quality of the 

signal by reducing such impairments. 

 

Figure 4. Modeled vs. theoretical bit error rate (BER) 

Figure 4 represents the characteristic of performance versus the ratio of Eb /N0. In this 3D plot, the 

relationship between the Bit Error Rate (BER) and the Energy per Bit to Noise Power is demonstrated 

as a function of the Energy per Bit to Noise Power itself. It can be used to confirm the accuracy of the 

proposed model by showing that there is a good agreement between the performance of the modeled 

channel in terms of BER and the theoretical curve of a wired channel. This data attests to the fact that 
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the system does have the capability of attaining significant signal enhancements, although it does admit 

a somewhat slower response period than the hypothetical picture-perfect system [11]. 

 

Figure 5. 3D relationship, wavelength, frequency, and replication in the optical system 

Figure 5 is used as a visual mapping of the direct correlation of replication, Wavelength, and frequency 

through the suggested optical system. The aim of the figure is to ensure that the performance metrics of 

the system have been appropriately modeled and are in line with the accepted physical standards and 

measurements that are familiar to the DWDM optical systems. The fact that the correlation is evident 

and is anticipated is a confirmation that the internal consistency and physical feasibility of the design 

parameters of the framework are achieved [12]. 

Experimental validation 

The experimental setup illustrated in Figure 2 was utilized for capturing BER and power 

measurements, which are tightly matched to simulation results and have an average deviation 

of less than 5%, supporting the proposed approach's validity.  

Comparative Analysis 

The performance of the proposed model is benchmarked against six closely related previous studies. 

Table 4. Key performance metric comparison, proposed model vs. benchmark studies [21–26] 

Model 
BER 

(10⁻⁹) 

Throughput 

(Gbps) 

Attenuation 

(dB/km) 

Dispersion 

Control 

Modulation 

Adaptation 

Proposed 0.7 96 1.5 Yes Yes (ML-based) 

[21] 1.8 40 2.4 No No 

[22] 1.2 60 2.0 Partial No 

[23] 1.0 78 1.9 Yes No 

[24] 1.6 50 2.2 No No 

[25] 1.4 55 2.1 Partial No 

[26] 0.9 82 1.7 Yes No 
 

Table 4 is a summary of the leading performance indicators proposed by this model in contrast to six 

earlier studies [21-26]. It compares crucial parameters like BER, Throughput, Attenuation, Dispersion 

Control ability, and ML-based Modulation Adaptation. The data has conclusively proven the scientific 

advantage of the suggested CNN-GA approach by showing the minimum possible BER of 0.7 x 10-9 

and the maximum throughput of 96 Gbps, which confirms the high quality and efficiency of the model. 



Alyaa Ali Hameed. et al: CNN–GA-Driven ……  Archives for Technical Sciences 2025,33(2), 916-930 

Technical Institute Bijeljina, Archives for Technical Sciences. Year XVII – N 0 33         926 

 

Figure 6. Throughput comparison (GBPS), proposed model vs. benchmark studies [21-26] 

 

Figure 7. Bit Error rate (BER) comparison, proposed model vs. benchmark studies [21–26] 

Figure 6 depicts the throughput performance of the proposed CNN-GA model compared with the six 

concerned benchmark studies, with Gigabits per second (Gbps) of throughput performance. The 

visualization indicates clearly the better performance of the new model, which had the maximum 

throughput value of 96 Gbps. This finding suggests the efficiency and scalability of the framework, 

which confirms the multi-objective optimization architecture of the data rate maximization of the optical 

fiber link [5]. Figure 7 is a comparison of the Bit Error Rate (BER) of the proposed CNN-GA model 

with six known benchmark studies. The chart proves the scientific merit of the offered method as the 

least BER value, namely, 0.7 × 10-9. This minimal error rate is an essential sign of the quality and high 

reliability of the data transmission, indicating a successful functioning of the adaptive modulation and 

error correction mechanisms.  

Comprehensive System Performance 

Figure 8 summarizes the operational characteristics of the proposed framework across all metrics 

through a graphical presentation. The plots show the following quantitative characteristics: a non-linear 

increase to a maximum throughput occurs; an exponential drop-in bit error rate can be observed with 

increasing signal-to-noise ratio; there is strong timing performance with an average latency of less than 

10 milliseconds; and the hybrid CNN-GA optical communications model provides enhanced scalability 

under multiple channels with dense wavelength division multiplexing (DWDM) [7]. Overall, the results 

characterize the hybrid CNN-GA model's reliability, efficiency, and adaptability. 
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Figure 8. Comprehensive system performance, SNR, throughput, BER, latency, and DWDM scalability 

Ablation Study 

To evaluate the individual contributions of the hybrid components within the proposed framework, an 

ablation study was conducted by comparing three distinct configurations: the baseline system without 

ML, a CNN-only model, and the proposed CNN-GA hybrid.1 In the baseline configuration, using fixed 

16-QAM modulation, the system achieved a maximum throughput of 64 Gbps but suffered from a high 

BER of 1.9 × 10-7 under oscillating noise levels. The CNN-only configuration improved the BER to 1.1 

× 10-8 by predicting channel states more accurately, yet it exhibited higher latency due to a lack of an 

optimization layer for selection overhead. In contrast, the complete CNN-GA hybrid model achieved 

the optimal balance, reaching 96 Gbps with a BER of 0.7 × 10-9 and latency under 10 ms. This confirms 

that while the CNN is vital for channel estimation, the Genetic Algorithm layer is the critical factor for 

multi-objective optimization, providing a 33% increase in throughput over the CNN-only approach. 

DISCUSSIONS 

The analytical interpretation of the results confirms that the integration of the CNN-based predictor and 

GA-driven selection layer provides a significant performance leap over traditional fixed and single-

objective adaptive systems. This section evaluates the implications of the findings and the scientific 

novelty of the proposed hybrid architecture. 

Analysis of the Hybrid CNN-GA Architecture 

The primary reason for the recorded 96 Gbps throughput and 45% reduction in BER lies in the real-time 

synergy between the CNN and GA components. While traditional systems often struggle with the 

evaluation bottleneck where the time taken to choose a modulation scheme exceeds the channel's 

coherence time our framework minimizes this by using the CNN to narrow the search space for the 

Genetic Algorithm. 

The Genetic Algorithm's multi-objective fitness function allows the system to prioritize latency 

alongside throughput. This explains why Figure 8 shows a steady-state timing of under 10 ms. By 

balancing the computational overhead of the modulation choice against the physical transmission gains, 

the framework avoids the diminishing returns often seen in complex machine learning models applied 

to high-speed hardware. 

Interpretation of Physical Layer Performance 

The close alignment between the modeled and theoretical BER in Figure 4 (0.7 × 10-9) suggests that the 
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FEC Adaptive Equalizer and the CNN-based predictor effectively handle the nonlinear phase noise and 

chromatic dispersion (17 ps/nm/km). The 3D mapping in Figure 5 reinforces that the system maintains 

physical consistency across the C-band (1550 nm), proving that the AI-driven adaptation does not violate 

the fundamental constraints of DWDM standards. 

Comparative Significance 

When compared to previous studies [21][26], the proposed framework demonstrates superior spectral 

efficiency. As shown in Table 4, earlier models lacked the ability to perform dynamic ML-based 

Modulation Adaptation. For instance, study [26] achieved high throughput but failed to maintain a BER 

below the 10-9 threshold as effectively as our model. The inclusion of a feedback loop allows our system 

to react to oscillating noise levels a common real-world problem that static or open-loop models (like 

those in [21] and [24]) cannot solve. 

Industrial and Practical Implications 

The results indicate that this system is highly viable for 5G/6G backhaul networks where high-speed 

data must be transmitted over 50 km links with minimal delay [9]. The fact that the experimental 

validation deviated by less than 5% from the simulation confirms that the CNN-GA framework is robust 

enough for physical deployment in commercial DWDM equipment, offering a scalable solution for 

hyperscale data centers. 

CONCLUSIONS  

This study has introduced a hybrid intelligent optical communication (IOC) platform that utilizes both 

Convolutional Neural Networks (CNNs) and Genetic Algorithms (GA) to achieve significant increases 

in throughput rate and to minimize error rate (BER). The use of a multi-dimensional optimization 

approach allowed for the attainment of a throughput rate of 96 Gigabits per Second (Gbps) with an 

associated BER of 0.7×10-9, representing an increase in performance of over 1.3 × relative to existing 

ICC benchmark systems and a 45% reduction in BER compared to existing benchmark models. Thus, 

results provide evidence that the proposed use of adaptive modulation through ML can effectively 

address the effects of dispersion and attenuation while providing low-latency transmission × (< 10 

milliseconds). The commercial implications of this work are likely to have a significant impact on the 

development of next-generation telecommunications technology [8][16]. More specifically, continued 

evolution of industrial solutions for 5G and 6G backhaul and hyperscale datacenter environments can 

provide an unprecedented level of flexibility to change modulation schemes, resulting in superior use of 

available bandwidth without the need for human intervention, thus lowering operational costs and 

improving the reliability of critical infrastructures that support cloud artificial intelligence and big data 

analytics. Although this study demonstrated superior performance, there are some limitations to its 

applicability. The implementation of the proposed model was validated for a 50 km distance only, and 

therefore, future research should be conducted to investigate performance for trans-oceanic and long-

haul (>1000 km) scenarios with respect to non-linear phase noise. In addition, the computational 

complexity of the CNN-GA model is relatively high during the initial convergence phase of the Genetic 

Algorithm (GA), and future work could focus on reducing this complexity further. Future work will also 

include utilizing Reinforcement Learning (RL) for further reducing training overhead and investigating 

how to incorporate Quantum Key Distribution (QKD) into the adaptive layer to secure high-speed data 

transmission. 

REFERENCES 

[1] Winzer PJ, Neilson DT, Chraplyvy AR. Fiber-optic transmission and networking: the previous 20 and the 

next 20 years. Optics express. 2018 Sep 3;26(18):24190-239. https://doi.org/10.1364/OE.26.024190 

[2] Huang MF, Salemi M, Chen Y, Zhao J, Xia TJ, Wellbrock GA, Huang YK, Milione G, Ip E, Ji P, Wang T. 

First field trial of distributed fiber optical sensing and high-speed communication over an operational telecom 

network. Journal of Lightwave Technology. 2019 Aug 14;38(1):75-81. 

https://doi.org/10.1109/JLT.2019.2935422 



Alyaa Ali Hameed. et al: CNN–GA-Driven ……  Archives for Technical Sciences 2025,33(2), 916-930 

Technical Institute Bijeljina, Archives for Technical Sciences. Year XVII – N 0 33         929 

[3] Abbas MK, Hussein AS, Hashim AA. Modeling a ZigBee-based wireless sensor network for temperature 

monitoring in smart hotels. http://dx.doi.org/10.19101/IJATEE.2024.111101905 

[4] Gambling WA. The rise and rise of optical fibers. IEEE journal of selected topics in quantum electronics. 

2002 Aug 6;6(6):1084-93. https://doi.org/10.1109/2944.902157 

[5] Zanoon NI. The phenomenon of total internal reflection and acceleration of light in fiber optics. International 

Journal of Computer Applications. 2014 Dec 18;107(2):19-24. 

[6] Elsherif M, Salih AE, Muñoz MG, Alam F, AlQattan B, Antonysamy DS, Zaki MF, Yetisen AK, Park S, 

Wilkinson TD, Butt H. Optical fiber sensors: Working principle, applications, and limitations. Advanced 

Photonics Research. 2022 Nov;3(11):2100371. https://doi.org/10.1002/adpr.202100371 

[7] Khonina SN, Kazanskiy NL, Butt MA, Karpeev SV. Optical multiplexing techniques and their marriage for 

on-chip and optical fiber communication: a review. Opto-Electronic Advances. 2022 Jul 14;5(8):210127-1. 

https://doi.org/10.29026/oea.2022.210127 

[8] Kareem FQ, Zeebaree SR, Dino HI, M Sadeeq MA, Rashid ZN, Hasan DA, Sharif KH. A survey of optical 

fiber communications: challenges and processing time influences. Asian Journal of Research in Computer 

Science. 2021 Apr 20;7(4):48-58. https://doi.org/10.9734/AJRCOS/2021/v7i430188 

[9] Jahid A, Alsharif MH, Hall TJ. A contemporary survey on free space optical communication: Potentials, 

technical challenges, recent advances and research direction. Journal of network and computer applications. 

2022 Apr 1; 200:103311. https://doi.org/10.1016/j.jnca.2021.103311 

[10] Buczyński R, Klimczak M, Stefaniuk T, Kasztelanic R, Siwicki B, Stępniewski G, Cimek J, Pysz D, Stępień 

R. Optical fibers with gradient index nanostructured core. Optics Express. 2015 Sep 21;23(20):25588-96. 

https://opg.optica.org/abstract.cfm?uri=oe-23-20-25588 

[11] Wabnitz S, Eggleton BJ. All-optical signal processing. Springer Series in Optical Sciences. 2015;194. 

[12] Luna-Rivera JM, Rabadan J, Rufo J, Gutierrez CA, Guerra V, Perez-Jimenez R. Impact of Optical-to-

Electrical Conversion on the Design of an End-to-End Learning RGB-LED-Based Visible Light 

Communication System. InPhotonics 2024 Jun 28 (Vol. 11, No. 7, p. 616). MDPI. 

https://doi.org/10.3390/photonics11070616 

[13] Hassan SG, Alshwani S, Al-Dawoodi A. Design and investigation of modal excitation in tapered optical fiber 

for a mode division multiplexed transmission system Journal of Wireless Mobile Networks, Ubiquitous 

Computing, and Dependable Applications. 2023;14(4):1–9. https://doi.org/10.58346/JOWUA.2023.I4.001 

[14] Abujnah NA. Design and optimization of optical fiber networks for 5G and beyond. African Journal of 

Advanced Pure and Applied Sciences (AJAPAS). 2024 Nov 17:343-55.  

https://doi.org/10.65418/ajapas.v3i4.1010 

[15] Ma Y, Jia Z. Evolution and trends of broadband access technologies and fiber-wireless systems. InFiber-

wireless convergence in next-generation communication networks: Systems, architectures, and management 

2017 Jan 6 (pp. 43-75). Cham: Springer International Publishing. 

[16] Chatterjee A, Roy UK, Pahari N. Advancement of fixed net tele communication and different services. 

Transport. 2016 Oct;6(1). 

[17] Alimi IA, Patel RK, Muga NJ, Pinto AN, Teixeira AL, Monteiro PP. Towards enhanced mobile broadband 

communications: A tutorial on enabling technologies, design considerations, and prospects of 5G and beyond 

fixed wireless access networks. Applied Sciences. 2021 Nov 5;11(21):10427. 

https://doi.org/10.3390/app112110427 

[18] Mane S. Fiber Optics in Communication Networks: Trends, Challenges, and Future Directions. International 

Journal of All Research Education & Scientific Methods. 2023 Jul; 11:2455-6211. 

[19] Agrell E, Karlsson M, Poletti F, Namiki S, Chen X, Rusch LA, Puttnam B, Bayvel P, Schmalen L, Tao Z, 

Kschischang FR. Roadmap on optical communications. Journal of Optics. 2024 Sep 1;26(9):093001. 

https://doi.org/10.1088/2040-8986/ad261f 

[20] Sharma A, Chaudhary S, Parnianifard A. Introduction to Advances in Optical and Wireless Communication. 

Optical and Wireless Communications: Applications of Machine Learning and Artificial Intelligence; CRC 

Press: New Delhi, India. 2025 May 9:1-38. http://dx.doi.org/10.1201/9781003472506 

[21] Natalino C, Schiano M, Di Giglio A, Wosinska L, Furdek M. Experimental study of machine-learning-based 

detection and identification of physical-layer attacks in optical networks. Journal of Lightwave Technology. 

2019 Jun 18;37(16):4173-82. http://dx.doi.org/10.1109/JLT.2019.2923558 

[22] Rottondi C, Barletta L, Giusti A, Tornatore M. Machine-learning method for quality of transmission 

prediction of unestablished lightpaths. Journal of Optical Communications and Networking. 2018 Feb 

1;10(2):A286-97. https://doi.org/10.1364/JOCN.10.00A286 

[23] Morais RM, Pedro J. Machine learning models for estimating quality of transmission in DWDM networks. 

Journal of Optical Communications and Networking. 2018 Oct 24;10(10):D84-99.  

https://doi.org/10.1364/JOCN.10.000D84 

[24] Fu Y, Chen J, Wu W, Huang Y, Hong J, Chen L, Li Z. A QoT prediction technique based on machine learning 

and NLSE for QoS and new lightpaths in optical communication networks. Frontiers of Optoelectronics. 

2021 Dec;14(4):513-21. https://doi.org/10.1007/s12200-020-1079-y 



Alyaa Ali Hameed. et al: CNN–GA-Driven ……  Archives for Technical Sciences 2025,33(2), 916-930 

Technical Institute Bijeljina, Archives for Technical Sciences. Year XVII – N 0 33         930 

[25] Shevchenko NA, Nallaperuma S, Savory SJ. Maximizing the information throughput of ultra-wideband 

fiber-optic communication systems. Optics express. 2022 May 18;30(11):19320-31. 

https://doi.org/10.1364/OE.447591 

[26] Mo W, Gutterman CL, Li Y, Zhu S, Zussman G, Kilper DC. Deep-neural-network-based wavelength selection 

and switching in ROADM systems. Journal of optical communications and networking. 2018 Oct 1;10(10): 

D1-1. https://doi.org/10.1364/JOCN.10.0000D1 

[27] Booch K, Wehrmeister LH, Parizi P. Ultra-low latency communication in wireless sensor networks: 

Optimized embedded system design. SCCTS Journal of Embedded Systems Design and Applications. 

2025;2(1):36-42. 

[28] Elhelw AR, Mohamed AE, Rashed AN, Elsiefy MZ. Design of high-speed optical fiber cables and 

transmission techniques in advanced optical networks. Menoufia Journal of Electronic Engineering 

Research. 2020 Jan 1;29(1):71-7. 

[29] Ghazi A, Aljunid SA, Idrus SZ, Endut R, Rashidi CB, Ali N, Al-dawoodi A, Fakhrudeen AM, Fareed A, 

Sharma T. Hybrid WDM and optical-CDMA over multi-mode fiber transmission system based on optical 

vortex. In Journal of Physics: Conference Series. 2021;1755(1):012001. https://doi.org/10.1088/1742-

6596/1755/1/012001 


