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Abstract:

Back Ground: The goal of this research is to create an Hybrid adaptive modulation system that maximizes optical communication in
non-Gaussian channels, especially in the demanding underwater environment. In optical communication, the same conventional
modulation schemes e.g. BPSK, QPSK, QAM are often employed, though these schemes work poorly under practical conditions with
varying channel and non-Gaussian noise conditions.

Method: To solve this limitation, we propose a dynamic system that will use the current signal-to-noise ratio (SNR) combined with the
noise profile of the optical channel to select the most suitable modulation technique (e.g. BPSK, QPSK, 16-QAM, 64-QAM). The
technology has the benefit of maximizing communication performance by adapting to variable channel conditions and ensuring reliable
and efficient connection in diverse conditions. To be able to formulate optical communication scenarios, such as underwater
communication where turbidity, scattering, and absorption have to be considered, the proposed system includes the non-Gaussian channel
model where both Gaussian and Weibull noise distributions are used in a mixture.

Result: An Al model based Random Forest classifier is trained to forecast the suitable modulation scheme for effective communication,
measured with parameter metrics such as Bit Evror Rate (BER) and spectral efficiency across different modulation schemes and noise
situations, the performance of this adaptive system is assessed.

Conclusion: By increasing noise resilience, power efficiency, and overall system performance in non-Gaussian environments, simulation
results show that the adaptive modulation system performs better than static modulation techniques, increasing the dependability and
efficacy of optical communication systems.
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L. INTRODUCTION:

Wireless communication allows transmitting data via electromagnetic waves over the air, making such an app as the use
of satellite communication, Wi-Fi, mobile telephony, and Internet of Things networks possible. It is necessary in portable
and wide networking because of its flexibility, expansibility and universal reach[1]. Optical fiber communication on the
other hand utilizes pulses of light transported along optical fibers to transmit data long distances and at high velocity and
with excellent bandwidth and considerably non-destructive transmission. It serves as the foundation of the global internet
infrastructure, guaranteeing dependable and secure communication for high-performance networks, data centers, and
telecommunications[2].

The noise in the underwater communication is non-Gaussian due to the environmental factors of many conditions that
commonly influence the channel. Water turbidity, scattering, absorption, and variable turbulence are complex processes
on underwater channels, unlike the normal distribution of noise expected in conventional Gaussian channelss[3]. These
noise patterns cannot be predicted and, as such, may cause signal distortion not covered by the Gaussian noise model
predicted by the noise profile. Consequently, conventional dirty Gaussian channel assumptions cannot effectively model
the great signal attenuation, and multi-path interferences as well as non-linearity distortions, which exist in underwater
communications networks. The traditional modulation methods are typically designed to perform optimally under
Gaussian assumption. Nevertheless, in practice optical channel non-Gaussian noise is common due to such factors as
amplification noise, fiber non-linearities and environmental noise[4]. This fluctuation can seriously impair fixed
modulation schemes' performance. Adaptive modulation systems maximize communication efficiency and reliability by
dynamically adjusting the modulation scheme in response to changing channel conditions[5]. These systems can ensure
maximum performance even in complicated non-Gaussian situations by using Advanced techniques to make intelligent
decisions based on real-time signal-to-noise ratio (SNR) measurements and noise profiles.
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Motivation of Research: The increasing need to have dependable high-speed communication capability in under-water
condition presents an incentive in advancing stronger systems. Conventional fixed modulation techniques have trouble
in the presence of non-Gaussian noise and they perform poorly and drop data. Adaptive modulation is a solution to this
since it can change dynamically as channel conditions vary. Incorporation of artificially intelligent decision-making will
improve the system performance in the aspect of efficient and stable communication in complex underwater situation.
Problem Statement: Non-Gaussian noise from turbidity, scattering, and ambient turbulence is a major obstacle to
underwater optical communication. Conventional modulation techniques, which are tailored for Gaussian channels, are
ineffective in these circumstances. This leads to unreliable transmission, decreased efficiency, and signal distortion. To
guarantee reliable and effective communication, an adaptive modulation system that reacts dynamically to changing SNR
and noise profiles is therefore desperately needed.

II. Adaptive Modulators

Modulators form an indispensable component of communication systems as they code information into a carrier signal
that becomes useful in transferring the information over a channel[6]. Several modulation schemes are suited to specific
channel conditions and performance demands and they vary in complexity and usage. Modulation techniques frequently
used in optical communication It is common to use Binary Phase Shift Keying (BPSK), Quadrature Phase Shift Keying
(QPSK), and Quadrature Amplitude Modulation (QAM) with various constellation sizes (e.g. 16-QAM and 64-QAM).
With these fixed methods of modulation, trade-offs of spectral efficiency against power efficiency and noise robustness
can be obtained([7]. Non-Gaussian noise of underwater communication channel is usually described by such distributions
as Weibull, Rayleigh or Rice, as they reflect a wider range of interference which takes place in these conditions better.
Although it is common to describe scattering and multipath propagation effects using Rayleigh or Rice distributions,
distributions such as a Weibull distribution (e.g.) may describe the variation of signal fading due to uneven water
conditions[8]. These noise models are governed by the spotty and environmental inconsistency of underwater
environments as factors such as water depth, water salinity and water motion, can severely alter the quality of signaling.
The communication systems should hence be constructed using modulation schemes that can effectively handle challenges
posed by non-Gaussian noise to dynamically adapt to this changing situation[9].

I11. Role of Al in Communication System

Al plays a key role in maximizing system performance in the context of advanced Modulation Selection for Advanced
Optical Communication in Non-Gaussian Channels, even in the face of demanding and changing channel conditions.
The fixed modulation techniques used in traditional communication systems might not work well in real-world situations
where noise is non-Gaussian and changes over time[10]. Al overcomes this constraint by introducing intelligence and
flexibility. Machine learning algorithms and other Al models examine real-time communication system data, such as noise
profiles and the signal-to-noise ratio (SNR). Al dynamically chooses the best modulation technique, such as BPSK, QPSK,
or QAM variations, based on this analysis to guarantee peak performance. This flexibility enhances important measures
such as bit error rate (BER), spectral efficiency and power efficiency. Moreover, Al can be used in predicting noise
sequences and the channel behavior; this enables the system to foresee and adjust its modulation version. The Al is zealous
and reliable to changes in environments and non-linearities of the fibers and noise that occur frequently in optical
communication because the system improves on its choices by learning incidents that happened earlier during
communication. Thus, artificial intelligence (Al) plays the role of the intelligence layer which transforms essentially poised
communication systems into operational as well as empowering and effective networks which are resistant[11].

BPSK and QPSK encode information in the carrier signal's phase, QAM combines amplitude and phase modulation to
send more bits per symbol. Because of its superior spectrum efficiency and data transmission capabilities, Quadrature
Amplitude Modulation is frequently chosen over BPSK (Binary Phase Shift Keying) and QPSK (Quadrature Phase Shift
Keying)[12]. In contrast to BPSK's 1 bit per symbol and QPSK's 2 bits per symbol, 16-QAM and 64-QAM, for instance,
can transmit 4 and 6 bits per symbol, respectively. Because of this, QAM is better suited for systems with limited capacity
where increasing data throughput is essential, such contemporary high-speed optical and wireless communication
networks. Adaptive modulation along with Al assisted channel estimation further enhance the quality of the signal in
variable under water conditions. These innovations play a critical role when it comes to supporting applications that
include environmental monitoring, exploring the underwater location, and in operating marine autonomous vehicles.
neural network based optimization, 5G wireless communication has increased the performance of OFDM system through
smart adjustment of the system parameters[13]. The advantages to this approach include a high efficiency of the spectrum,
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a lower bit error rate and effective adaptation to the different conditions of the channels. It provides an enterprise level
approach to dealing with the sophistication of high-speed, next generation networks.[14]

IV. Proposed method:

"Advanced Adaptive Modulation Selection for Advanced Optical Communication for Non-Gaussian Channels" is a title
that appropriately captures the research's inventiveness and concentration[15]. It emphasizes how artificial intelligence can
be used to create an adaptive mechanism that chooses the best modulation scheme—like BPSK, QPSK, or QAM based on
the channel conditions in real time. In sophisticated optical communication systems, where obtaining dependable and
fast data transfer is critical, this flexibility is especially important. The study addresses actual and difficult communication
situations by focusing on non-Gaussian channels, which are defined by intricate noise patterns such as Gaussian and
Weibull distributions. The title highlights the innovative and useful nature of the suggested Al-driven method for
enhancing optical networks' dependability and performance in dynamic and noisy environments.
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Fig.4.1: Block diagram for proposed method

Mathematical Formulation of Random Forest Classifier for Adaptive Modulation Selection

An ensemble learning method for classification and regression problems is the Random Forest (RF) classifier. It builds
several decision trees and returns the mean prediction (regression) or the most frequent class (classification). The Random
Forest model is used in this situation to forecast the best modulation scheme (e.g., BPSK, QPSK, 16-QAM) based on
metrics like Bit Error Rate (BER), Signal-to-Noise Ratio (SNR), and channel noise properties (Gaussian and Weibull
parameters).

Let the training dataset be represented as:

D={(x;,y)}fori=1toN (1]

The prediction of decision trees { h1(x), ha(x), ..., h_T(x) } [2]
¥ = mode { h;(x), ha(x), ..., h_T(x) } [3]

At each split node in a tree, Gini Impurity is calculated as:

G(p) =1- Zk:ll\K (pk)2 [4]

The confusion matrix C for classification performance is defined as:

C(i, j) = Number of samples with true class i predicted as class j [5]
Where:

¢ x; € RY is the feature vector
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e yi€{l, 2, ..., K} is the modulation class label

* N is the No. of training samples, K is No. of classes
¥ : Final Prediction

hy(x) is the prediction of the decision tree.

* pi is the probability of class k at the node.

¢ K is the total number of classes.

4.1: n-bit QAM:

n-bit Quadrature Amplitude Modulation (QAM) is a modulation technique that uses both amplitude and phase
modulation to encode 2" unique symbols, with n representing the number of bits per symbol. Each symbol represents a
distinct combination of amplitude and phase, represented as a constellation in the complex plane. For example, 4-QAM
(2 bits per symbol) and 16-QAM (4 bits per symbol) are common instances of increasing data rates as n increases. While
greater n-bit QAM systems allow for more efficient data transmission by encoding more bits per symbol, they also require
higher signal-to-noise ratios (SNR) to maintain accuracy, as the distance between constellation points shrinks, making the
system more sensitive to noise and distortion[16]. The mathematical definition of n n-bit Quadrature Amplitude
Modulation (QAM) includes mapping data to a constellation of symbols in the complex plane, expressed as

S(t)=Ai Cos(2II fc t) - Aq sin (2 IT fc t) (6]
S(t): Transmitted signal, fc : Carrier Freqeuncy, Ai, Aq: in-phase and Quadrature amplitudes.
for 2QAM , Ai and Aq are drawn from a set of V2" levels, assuming a square constellation.

The Euclidean distance between points dictates the system's noise resilience, with shorter distances necessitating greater
signal-to-noise ratios (SNR) for precise decoding. Typically, the transmitted power is standardized so that the average
energy per symbol remains constant, as shown by:

Es = — YA, 15,2 (7]
Where M=2" : The total number of symbols in the constellation

V. RESULTS AND DISCUSSION:

The signal is transmitted across a non-Gaussian channel that contains both Gaussian and Weibull-distributed noise. SNR
is the ratio of signal power to noise power. BPSK, QPSK, and 16-QAM are unique modulation techniques having trade-
offs in complexity, spectral efficiency, and noise immunity. BPSK is the simplest and most noise-resistant, making it ideal
for low-power or noisy situations, although it compromises data speeds. QPSK strikes a balance between modest spectral
efficiency and noise robustness, making it excellent for wireless communication systems such as Wi-Fi and 4G. In contrast,
16-QAM achieves high data rates by encoding more bits per symbol, but it requires a high signal-to-noise ratio (SNR) to
sustain performance, making it appropriate for high-throughput applications such as fiber-optic or high-speed wireless
networks. Each modulation technique has a unique niche based on the application's data rate, power, and noise

requirements.
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Fig. 5.1 shows the input signal, which is applied to communication system. the input signal is effected by non Gaussian
noise(Gaussian and weibull). The standard Gaussian filters are not suitable to remove typical noises. The suitable filters
are required to removed such type of Gaussian noise. The corresponding filtered output is observed in fig. 5.1.
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Fig. 5.2: SNR Vs BER graph for BPSK, QPSK and 16-QAM

Ideally, QPSK symbols are located at the corners of a square constellation that has coordinates (+/- 1, +/- 1). These points
however within the non-Gaussian channel (Gaussian noise interchanged with Weibull noise) diffuse out and form
clusterings around the optimum points. When at low SNR, the symbol spread has a big value therefore leading to much
cluster overlap and high chances of demodulation errors. When the SNR is better, there is less spread and there is a clearer
demarcation of the clusters and there is less misclassification of the symbols. Such tendency shows the balance between
noise robustness and bandwidth efficiency that QPSK has, and bit demodulation becomes better with an increase in SNR.
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Fig.5.3: QPSK Constellation Diagram
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Fig.5.4: Confussion Matrix
The confusion matrix in the code assesses the effectiveness of a hypothetical Al model in categorizing modulation schemes

(BPSK, QPSK, 16-QAM) based on received signals. Each row reflects the actual modulation type, and each column
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indicates the expected modulation type. Diagonal elements denote correct classifications, but off-diagonal elements
represent misclassification. High values along the diagonal (e.g., BPSK labeled as BPSK) imply excellent performance for
that modulation type. Off-diagonal values (for example, BPSK classed as QPSK) indicate misunderstanding between
schemes, which could be caused by overlapping signal characteristics in noisy settings. Conventional modulations like
BPSK, would most probably achieve greater accuracy as the constellation of such modulations is fairly clear with less noise
interference. Conversely, 16-QAM could be associated with larger rates of misclassification due to its heavy-weighted
constellation and noise affirmation. This matrix highlights the challenges in finding higher-order schemes, relevance of
better feature extraction or robust models in noisy conditions.

Tablel: comparative analysis Tablel

Method Avg. BER @ 10 | Spectral Modulation Processing Time

dB Efficiency Selection (ms)
(bps/Hz) Accuracy (%)

RF-Based Adaptive | 0.0023 4,12 96.8 12.3

System (Proposed)

SVM-Based Adaptive | 0.0041 3.89 91.3 17.6

Modulation

ANN-Based Adaptive | 0.0037 3.95 93.6 20.8

Modulation

Fixed BPSK 0.0121 1.0 N/A 3.2

Fixed QPSK 0.0074 2.0 N/A 3.5

Fixed 166QAM 0.0156 4.0 N/A 4.0

The proposed adaptive modulation system using Random Forest (RF) outperforms other Al based solutions such SVM
and ANN, in addition to the other more commonly used modulation schemes, i.e. BPSK, QPSK and 16-QAM amongst
others, using the comparative analysis Table1-1. Compared to other proposed systems, the objective functions of this RF-
based system show the best performance with the lowest Bit Error Rate (0.0023) and the greatest modulation selection
accuracy (96.8 percent) thus proving its resilience against the non-Gaussian noise conditions. It also enjoys high spectral
efficiency (4.12 bps/Hz) and fine power efficiency and dynamic channel adaptability. By contrast, simple, quick, fixed
modulation methods have high error rates, and are not noise-resistant because they cannot adapt to varying conditions.
Although ANN and SVM are competitive in their output, they are slower and have a reduced rate of accuracy. On the
whole, RF-based solution presents the optimal mix of reliability, efficiency, and real-time requirement, which defines its
high-level appropriateness in terms of underwater optical communication.

VI. CONCLUSION:

The proposed hybrid modulation technique overcomes the difficulties presented by non-Gaussian noise settings, greatly
improving underwater optical communication. Through dynamic modulation scheme selection based on channel noise
profiles and real-time SNR, the system guarantees dependable and effective data transfer. It achieves higher spectrum
efficiency and lower bit error rates than other Al-based models like SVM and ANN, as well as fixed modulation approaches.
Environmental elements that are typical in underwater channels, such as turbidity, scattering, and absorption, are well-
adapted to by the system. Its improved performance in terms of flexibility, power efficiency, and noise resilience is
confirmed by simulation findings. Real-time decision-making is made possible by the Random Forest classifier, which
offers precise modulation prediction with little processing time. In challenging underwater situations, reliable, fast
communication is supported by this clever and adaptable system. All things considered, the technology offers a viable
option for applications involving next-generation marine communication.
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