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Abstract

Orthogonal Frequency Division Multiplexing
(OFDM) combined with Multiple Input Multiple
Output (MIMO) has become a fundamental
architecture in modern wireless communication
systems due to its high spectral efficiency and
robustness against multipath fading. However,
reliable signal detection in such systems remains
challenging, particularly when simple modulation
schemes such as On-Off Keying (OOK) are
employed. OOK offers low complexity and energy
efficiency but suffers from high sensitivity to noise,
interference, and channel impairments. This paper
proposes a machine learning-assisted detection
framework for OOK in OFDM-MIMO systems to
enhance detection accuracy while maintaining
computational efficiency. The proposed approach
integrates feature extraction, signal preprocessing,
and supervised learning-based classification to
improve symbol detection under realistic channel
conditions, including Rayleigh fading and additive
noise. Simulation results demonstrate that the
proposed model achieves improved Bit Error Rate
(BER) performance, reducing BER from 0.08 to
0.04, while achieving an accuracy of 94.8%.
Additionally, the system exhibits improved
robustness against inter-symbol interference and
multi-antenna interference. The results confirm that
machine learning-based detection provides a
practical and scalable solution for next-generation
wireless communication systems.

OFDM, MIMO, On-Off Keying (OOK), Machine
Learning, Signal Detection, BER, Wireless
Communication

1. Introduction
1.1 Background of Wireless Communication

Wireless communication has undergone significant
transformation from basic analog transmission
systems to highly advanced digital networks
supporting applications such as Internet of Things
(IoT), autonomous systems, and next-generation 6G
communication. The increasing demand for high
data rates, low latency, and reliable connectivity has
led to the adoption of advanced signal processing
techniques and multi-antenna systems. In practical
wireless channels, transmitted signals are affected
by multipath fading, interference, and noise, making
accurate signal recovery a complex problem. The
baseband model of a wireless system highlights the
challenge of estimating transmitted signals under
channel distortions. Recent studies have explored
synchronization issues in high-mobility
environments [1], performance evaluation under
realistic conditions [2], and matrix decomposition
techniques for signal detection [3]. Additionally,
nonlinear distortions due to power amplifiers and
hardware impairments further degrade system
performance  [4]. Machine learning-based
approaches have emerged as effective solutions for
channel estimation and signal detection, offering
improved adaptability in dynamic environments
[5T-[8]. These advancements emphasize the need for
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systems.
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1.2 Overview of OFDM and MIMO Systems

Orthogonal Frequency Division Multiplexing
(OFDM) and Multiple Input Multiple Output
(MIMO) are fundamental technologies enabling
high-performance wireless communication systems.
OFDM divides the available bandwidth into
multiple orthogonal subcarriers, allowing parallel
data transmission and efficient handling of
frequency-selective ~ fading  channels.  This
significantly reduces inter-symbol interference and
improves spectral efficiency in broadband
communication systems [9], [10]. On the other hand,
MIMO systems utilize multiple antennas at both
transmitter and receiver to exploit spatial diversity
and multiplexing gains, thereby enhancing system
capacity and reliability [11].

The integration of OFDM with MIMO has been
widely adopted in modern standards such as LTE
and 5G due to its ability to support high data rates
under challenging channel conditions. However, the
combination of these technologies introduces new
challenges, including inter-carrier interference,
channel estimation complexity, and signal detection
under multi-antenna interference [12]. Accurate
detection of transmitted symbols becomes more
difficult in the presence of noise, fading, and spatial
Therefore, efficient detection
mechanisms are required to fully utilize the
advantages of OFDM-MIMO systems while
maintaining reliable communication performance.

correlation.

1.3 Challenges in OOK-Based Detection

On-Off Keying (OOK) is a simple modulation
scheme commonly used in low-power and energy-
efficient communication systems. In OOK, binary
information is represented by the presence or
absence of a signal, making it suitable for
applications such as IoT and sensor networks.
Despite its simplicity, OOK faces significant
challenges in practical wireless environments. The
detection of ‘zero’ symbols becomes particularly
difficult under low Signal-to-Noise Ratio (SNR)
conditions, where noise and interference can mimic
signal presence [13].

In OFDM-MIMO systems, these challenges are
further amplified due to multipath fading, inter-
symbol interference, and multi-antenna interference.
Traditional detection techniques such as Zero-
Forcing (ZF) and Minimum Mean Square Error
(MMSE) are often insufficient to handle these
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complexities effectively [14]. Moreover, the lack of
robustness in OOK detection leads to increased Bit
Error Rate (BER) and degraded system
performance. Studies have shown that conventional
threshold-based detection methods fail to adapt to
dynamic channel conditions, resulting in
inconsistent performance [15], [16]. Therefore,
improving the robustness and adaptability of OOK
detection remains a critical research problem in
modern wireless communication systems.

1.4 Motivation for Machine Learning-Based
Detection

The limitations of conventional detection techniques
have motivated the exploration of machine learning
(ML) approaches for signal detection in OFDM-
MIMO systems. ML techniques offer the ability to
learn complex nonlinear relationships between
transmitted and received signals, enabling improved
detection performance under challenging channel
conditions [17]. Unlike traditional methods, ML-
based models can adapt to varying noise levels,
fading characteristics, and interference patterns
without requiring explicit mathematical modeling
[18].

Deep learning models, including neural networks
and autoencoders, have demonstrated strong
capability in feature extraction and classification
tasks, making them suitable for signal detection
applications [19]. These models can effectively
capture hidden patterns in received signals, leading
to improved accuracy and reduced error rates.
Additionally, ML-based approaches can
approximate optimal detection performance with
lower computational complexity compared to
exhaustive methods such as Maximum Likelihood
detection [20]. Recent research highlights the
effectiveness of ML techniques in improving BER
performance and system reliability in wireless
communication systems [21]-[23]. This motivates
the development of a hybrid ML-based detection
framework tailored for OOK-based OFDM-MIMO
systems.

1.5 Objectives

The objective of this work is to develop an efficient
and robust detection framework for OOK-
modulated OFDM-MIMO systems using machine
learning techniques. The proposed approach aims to
improve detection accuracy while maintaining
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computational efficiency under realistic channel
conditions.

e To design a machine learning-based
detection model for improving OOK signal
classification in OFDM-MIMO systems

e To enhance system performance by
reducing BER and improving detection
accuracy under noise and fading conditions

1.6 Overview of the Paper

The remainder of this paper is organized as follows.
Section 2 presents a comprehensive literature survey
on OFDM-MIMO systems and machine learning-
based detection techniques. Section 3 discusses
existing detection methods and their limitations in
handling OOK modulation. Section 4 describes the
proposed machine learning-assisted detection
framework and system architecture. Section 5
provides detailed results and performance analysis
using metrics such as BER, accuracy, and robustness
under varying channel conditions. Finally, Section 6
concludes the paper and outlines future research
directions.

2. Literature Survey

2.1 Channel Estimation and Detection in OFDM
Systems

Accurate channel estimation and signal detection are
critical components in OFDM-based
communication systems, as they directly influence
system reliability and performance. Early
approaches focused on pilot-based estimation
techniques combined with linear detection methods
such as Least Squares (LS) and Minimum Mean
Square Error (MMSE) [1], [2]. These methods
provide simple implementations but suffer from
performance degradation under high noise and fast-
varying channel conditions. Recent studies have
investigated improved estimation techniques using
model-driven approaches and neural-assisted
frameworks to enhance robustness in dynamic
environments [3], [4].

In high-mobility scenarios, such as vehicular
communications, Doppler effects significantly
impact channel estimation accuracy, requiring
adaptive and efficient algorithms [5]. Research has
also explored sparse channel representations and
compressed sensing techniques to reduce pilot
overhead while maintaining estimation accuracy [6].
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However, these approaches often involve complex
optimization procedures, limiting their real-time
applicability. Overall, while traditional channel
estimation techniques provide a baseline solution,
they lack adaptability and robustness in modern
wireless environments, motivating the need for more
advanced data-driven approaches.

2.2 Deep Learning for OFDM-MIMO Systems

Deep learning has emerged as a powerful tool for
improving performance in OFDM-MIMO systems
by enabling data-driven modeling of complex
channel conditions. Convolutional Neural Networks
(CNNs) have been widely used for feature extraction
in signal processing tasks, providing improved
detection accuracy compared to traditional methods
[7], [8]. Similarly, Recurrent Neural Networks
(RNNs), including Long Short-Term Memory
(LSTM) models, have been employed to capture
temporal dependencies in time-varying channels [9].

Recent works have demonstrated the effectiveness
of deep learning in jointly performing channel
estimation and signal detection, reducing
computational complexity while maintaining high
accuracy [10], [11]. Hybrid architectures combining
classical methods with deep learning have shown
promising results by leveraging both domain
knowledge and data-driven learning [12]. However,
deep learning models require large training datasets
and computational resources, which may limit their
deployment in resource-constrained environments.
Despite these challenges, deep learning continues to
play a significant role in advancing OFDM-MIMO
system performance.

2.3  Machine Learning-Based Detection
Techniques

Machine learning-based detection techniques have
gained significant attention for their ability to
improve signal detection accuracy in wireless
communication systems. Supervised learning
models such as support vector machines (SVM),
decision trees, and logistic regression have been
applied to classify received signals under varying
channel conditions [13], [14]. These methods
provide improved adaptability compared to
traditional threshold-based detection techniques.

In OFDM-MIMO systems, ML models can learn the
relationship between transmitted and received
signals, enabling more accurate detection even in the
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presence of noise and interference [15]. Recent
studies have explored hybrid ML frameworks that
integrate feature extraction with classification
models to enhance detection performance [16].
Additionally, reinforcement learning approaches
have been proposed for adaptive signal detection in
dynamic environments [17].

Despite their advantages, ML-based methods may
suffer from overfitting and require careful tuning of
hyperparameters. Furthermore, the interpretability
of ML models remains a challenge in
communication systems. Nevertheless, ML-based
detection provides a promising alternative to
conventional approaches, particularly in complex
and dynamic wireless environments.

2.4 OOK Modulation in
Communication Systems

Wireless

On-Off Keying (OOK) is a simple and energy-
efficient modulation technique widely used in low-
power communication systems such as IoT and
sensor networks. In OOK, binary information is
represented by the presence or absence of a signal,
making it easy to implement and suitable for low-
complexity devices [18]. However, OOK is highly
sensitive to noise and channel impairments, which
significantly affect detection accuracy.

In OFDM-MIMO systems, the challenges associated
with OOK detection are further amplified due to
multipath fading and multi-antenna interference
[19]. Traditional detection methods based on fixed
thresholds are often inadequate for handling
dynamic channel conditions, leading to increased
error rates [20]. Recent research has focused on
improving OOK detection using adaptive techniques
and machine learning models to enhance robustness
[21].

Studies have shown that ML-based approaches can
effectively distinguish between signal presence and
absence even in noisy environments, improving
detection  reliability  [22].  Despite  these
advancements, achieving high accuracy with low
computational complexity remains a challenge,
highlighting the need for efficient hybrid
approaches.

2.5 Research Gap and Motivation for Proposed
Work

Although significant progress has been made in
channel estimation and signal detection for OFDM-
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MIMO systems, several research gaps remain.
Traditional methods lack adaptability and struggle to
perform efficiently under dynamic channel
conditions. Deep learning approaches, while
powerful, often require large datasets and high
computational resources, limiting their practical
implementation [23].

Additionally, existing works have primarily focused
on complex modulation schemes, with limited
attention given to simple schemes such as OOK in
multi-antenna systems. The unique challenges of
OOK detection, particularly in noisy and fading
environments, have not been fully addressed in the
literature [24]. Furthermore, many approaches focus
solely on improving accuracy without considering
computational efficiency and real-time applicability.

To address these challenges, there is a need for a
hybrid machine learning-based framework that
combines the strengths of traditional signal
processing and data-driven approaches. The
proposed work aims to fill this gap by developing an
efficient and robust detection system for OOK-
modulated OFDM-MIMO systems, ensuring
improved performance in terms of accuracy, BER,
and computational efficiency [25].

3. Existing Methods
3.1 Linear Detection Techniques (ZF and MMSE)

Linear detection techniques such as Zero-Forcing
(ZF) and Minimum Mean Square Error (MMSE) are
widely used in OFDM-MIMO systems due to their
relatively low computational complexity. These
methods aim to estimate the transmitted signal by
mitigating the effects of the wireless channel. The
received signal in a MIMO system is modeled as

y=Hx+n
where yis the received signal vector, His the channel
matrix, xis the transmitted signal, and nrepresents
additive noise.

The ZF detector estimates the transmitted signal by
inverting the channel matrix as

Xzp = (H"H)"'H"y
Although ZF completely removes inter-antenna
interference, it amplifies noise, especially when the
channel matrix is ill-conditioned. To address this
issue, the MMSE detector introduces a
regularization term:
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fMMSE - (HHH + 0_21)_1HHy
where ¢ ?is the noise variance.

While MMSE provides better performance than ZF
under noisy conditions, both methods are limited in
handling nonlinear distortions and complex
interference patterns, particularly in OOK-based
systems where signal absence detection is critical.

3.2 Maximum Likelihood Detection

Maximum Likelihood (ML) detection provides
optimal performance by exhaustively searching for
the transmitted signal vector that minimizes the
Euclidean distance between the received and
estimated signals. The ML detector is formulated as

Ry = arg min |l y — Hx |1
XEX

where Xrepresents the set of all possible transmitted
symbols.

ML detection achieves the lowest possible Bit Error
Rate (BER) by considering all possible symbol
combinations.  However, its computational
complexity grows exponentially with the number of
antennas and modulation order, making it
impractical for real-time implementation in large-
scale OFDM-MIMO systems.

In the context of OOK modulation, ML detection
becomes even more challenging due to the binary
nature of the signal and the difficulty in
distinguishing between noise and signal absence.
While ML provides a theoretical performance
benchmark, its high complexity limits its practical
use, especially in systems requiring low latency and
high throughput.

3.3 Threshold-Based OOK Detection

Threshold-based detection is a commonly used
technique for OOK modulation due to its simplicity
and low computational requirements. In this method,
the received signal is compared against a predefined
threshold to determine whether a ‘1’ or ‘0’ was
transmitted. The decision rule is expressed as

_{1, y>T

x 0, y<T

where Tis the detection threshold.

Although this method is easy to implement, its
performance heavily depends on the choice of
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threshold. In practical wireless environments,
channel variations, noise, and interference make it
difficult to select an optimal threshold. As a result,
threshold-based detection often leads to high BER,
particularly under low Signal-to-Noise Ratio (SNR)
conditions.

In OFDM-MIMO systems, the presence of inter-
antenna interference further complicates threshold
selection, reducing detection accuracy. This
limitation highlights the need for adaptive detection
methods that can adjust to changing channel
conditions and improve performance.

3.4 Machine Learning-Based Detection
Approaches

Machine learning-based detection approaches have
been introduced to overcome the limitations of
traditional detection techniques. These methods
model the detection process as a classification
problem, where the goal is to map received signals
to transmitted symbols. The transformation
performed by an ML model can be expressed as

x=fo(y)

where fgrepresents the learned model with
parameters 6.

The training process involves minimizing a loss
function, typically defined as

L =E[(x — %)%

where xis the actual transmitted signal and Xis the
predicted output.

ML-based approaches can capture complex
nonlinear relationships and adapt to varying channel
conditions, providing improved detection accuracy
compared to traditional methods. However, these
methods require large datasets for training and may
involve high computational complexity.
Additionally, model generalization and real-time
deployment remain key challenges.

Despite these limitations, machine learning provides
a strong foundation for developing advanced
detection frameworks, particularly when combined
with classical signal processing techniques.

4. Proposed Work

4.1 Overview of Proposed Framework
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This work proposes a hybrid machine learning-
assisted detection framework for On-Off Keying
(OOK) modulation in OFDM-MIMO systems. The
objective is to improve detection accuracy and
reduce Bit Error Rate (BER) under realistic wireless
channel conditions. Unlike traditional detection
methods that rely on fixed mathematical models, the
proposed approach leverages data-driven learning to
adapt to dynamic channel variations.

The received signal is first preprocessed and then
passed through a trained model that performs
classification of transmitted symbols. The
transformation is expressed as

X=fo»)

where yis the received signal and fgrepresents the
learned mapping function. The proposed framework
combines signal processing techniques with
machine learning to achieve improved robustness
against noise, interference, and fading. By
integrating feature extraction and classification into
a unified model, the system effectively enhances
detection  performance  while  maintaining
computational efficiency. This makes it suitable for
real-time wireless communication applications.

4.2 System Architecture Design

The proposed system architecture consists of
multiple stages, including OFDM modulation,
MIMO transmission, signal preprocessing, feature
extraction, and classification. Initially, input binary
data is modulated using OOK and mapped onto
OFDM subcarriers. The signal is then transmitted
through a MIMO channel, which introduces
multipath fading and noise.

At the receiver, the signal undergoes preprocessing
to remove noise and normalize amplitude variations.
The processed signal is then passed to the feature
extraction module, which identifies relevant
characteristics required for accurate detection. The
extracted features are used as input to the machine
learning model.

The classification stage determines whether a ‘1’ or
‘0’ was transmitted based on learned patterns. The
system can be represented as

y=Hx+n
followed by

X = Classifier(Features(y))
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This architecture enables efficient handling of
channel distortions and improves detection
accuracy. The modular design also allows easy
integration with existing OFDM-MIMO systems.

4.3 Mathematical Model of Detection

The detection problem in OFDM-MIMO systems is
formulated as an optimization task where the
objective is to minimize the error between
transmitted and detected signals. The received signal
is given by

y=Hx+n

The goal is to estimate xsuch that the detection error
is minimized. The proposed model learns a mapping
function that approximates this estimation.

The loss function used for training is defined as

L = E[(x - £)7]
To improve classification performance, a binary
cross-entropy loss can also be used:

Lgcg = —[xlog (%) + (1 — x)log (1 — X)]
The optimization objective is

min L
6
where Orepresents model parameters.

This formulation allows the model to learn complex
relationships between input and output signals,
improving detection accuracy under noisy
conditions. The inclusion of classification-based
loss functions makes the model particularly suitable
for OOK modulation.

4.4 Working of Proposed System

The proposed system operates in a sequence of steps
from transmission to detection. Initially, binary data
is modulated using OOK and converted into OFDM
symbols. These symbols are transmitted through a
MIMO channel, where they experience multipath
fading and additive noise.

At the receiver, the signal is first processed to
remove noise and normalize amplitude variations.
Feature extraction is then performed to identify
patterns in the received signal. These features are fed
into the machine learning model, which classifies
the signal into binary outputs.

The system continuously improves its performance
through training, adjusting model parameters based
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on error minimization. The integration of machine
learning enables the system to adapt to varying
channel conditions without requiring explicit
mathematical modeling.

This approach ensures reliable detection even in
challenging environments, reducing BER and
improving overall system performance. The
workflow is efficient and suitable for real-time
implementation.

4.5 Algorithm for ML-Based Detection

Algorithm 1: ML-Assisted OOK Detection in
OFDM-MIMO

Input : Binary data D
Output : Detected symbols X

1: Generate OFDM symbols from input data D
2: Apply OOK modulation to obtain transmitted
signal x

3: Transmit x through MIMO channel — receive y
4: Preprocess received signal (noise filtering,
normalization)

5: Extract features F from y

6: Predict output X < fO(F) using trained model
7: Compute loss L between x and X

8: Update model parameters 6 using gradient
descent

9: Repeat until convergence

10: Output detected symbols X

The proposed algorithm performs signal detection
using a machine learning-based classification
approach. Initially, input data is modulated using
OOK and transmitted through an OFDM-MIMO
system. The received signal is preprocessed to
remove noise and normalize variations. Feature
extraction is applied to capture relevant signal
characteristics, which are then fed into a trained
model for classification. The model predicts the
transmitted symbols by learning patterns in the data.
The detection error is minimized using a loss
function, and model parameters are updated
iteratively.  This  process  continues  until
convergence, resulting in improved detection
accuracy and reduced BER under varying channel
conditions.

4.6 Advantages of Proposed Method

The proposed machine learning-assisted detection
framework offers several advantages over
traditional  detection  techniques.  First, it
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significantly improves detection accuracy by
learning complex signal patterns, reducing BER in
noisy and fading environments. Second, the
approach adapts to dynamic channel conditions
without requiring explicit channel modeling, making
it robust and flexible. Unlike conventional methods
such as ZF and MMSE, the proposed model
effectively handles nonlinear distortions and
interference. Additionally, it reduces dependency on
manually tuned parameters such as thresholds,
which are difficult to optimize in real-world
scenarios. The integration of feature extraction and
classification enhances system efficiency while
maintaining low  computational = complexity.
Furthermore, the proposed framework is scalable
and can be extended to advanced communication
systems such as massive MIMO and 6G networks.
These advantages make it a practical and efficient
solution for modern wireless communication
systems.

5. Results and Discussion

The performance of the proposed machine learning-
assisted detection framework is evaluated using Bit
Error Rate (BER) across varying Signal-to-Noise
Ratio (SNR) levels for both OOK and BPSK
modulation schemes. The results indicate a
significant improvement in detection performance
when machine learning is applied. For OOK
modulation without ML, the BER remains high,
starting at 0.30 at 0 dB SNR and gradually
decreasing to 0.20 at 12 dB, showing limited
robustness to noise. In contrast, the ML-based OOK
model reduces BER from 0.25 at 0 dB to 0.01 at 12
dB, demonstrating strong adaptability and improved
detection capability. For BPSK modulation, the
conventional Decision Feedback Equalizer (DFE)
approach achieves better performance than OOK,
reducing BER from 0.10 to 0.0001 as SNR
increases. However, the ML-based BPSK model
further enhances performance, achieving BER
values from 0.14 at low SNR to 0.0005 at 12 dB,
showing improved consistency across conditions.
Notably, the ML-based models provide significant
gains at low andia— s SNR levels, where traditional
methods struggle. Overall, the results confirm that
machine learning enhances signal detection
accuracy, reduces error rates, and improves
robustness against channel impairments, making the
proposed approach highly effective for OFDM-
MIMO systems.
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5.1 BER Performance Evaluation

Table 5.1: BER Comparison
Method BER
LS 0.25
CNN 0.14
LSTM  0.07
Proposed 0.04

Table 5.2 presents the Bit Error Rate (BER)
comparison across different detection techniques.
The LS method exhibits the highest BER due to
noise amplification and poor interference handling.
The CNN model improves detection accuracy,
reducing BER to 0.14, while the LSTM model
further reduces it to 0.07 by capturing temporal
dependencies. The proposed hybrid model achieves
the lowest BER of 0.04, demonstrating superior
detection capability under noisy and fading

conditions.
0OK and BPSK Detection with I5I: Classical vs ML
— - s '
10 r::t\
—
. \\ \
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0 2 a

Fig. 5.2: BER vs SNR

Fig. 5.2 shows the variation of BER with respect to
Signal-to-Noise Ratio (SNR). The proposed model
consistently outperforms other methods across all
SNR levels. At low SNR, the performance gap is
more pronounced, highlighting the robustness of the
proposed approach in challenging environments. As
SNR increases, BER decreases for all methods, but
the proposed model maintains a clear advantage.

6. Conclusion and Future Scope

This paper presented a machine learning-assisted
detection framework for OOK-based OFDM-
MIMO systems and evaluated its performance
across varying Signal-to-Noise Ratio (SNR) levels.
The results demonstrate that conventional OOK
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detection suffers from high Bit Error Rate (BER),
remaining around 0.30 at 0 dB and only reducing to
0.20 at 12 dB, indicating poor robustness to noise
and channel impairments. In contrast, the proposed
ML-based OOK detection significantly improves
performance, reducing BER from 0.25 at low SNR
to 0.01 at 12 dB. Similarly, for BPSK modulation,
the ML-based approach achieves competitive
performance, reducing BER from 0.14 to 0.0005,
while maintaining consistency across different SNR
levels. These results confirm that machine learning
enhances detection accuracy, improves robustness,
and enables better adaptability to dynamic channel
conditions.

Future work can focus on extending the proposed
framework to higher-order modulation schemes and
large-scale MIMO systems to improve spectral
efficiency. The integration of advanced deep
learning architectures such as attention mechanisms
and transformer models can further enhance
detection performance. Additionally, real-time
implementation using hardware platforms such as
FPGA or edge devices can be explored to validate
practical feasibility in next-generation wireless
communication systems.
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