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Abstract

High-dimensional systems are increasingly common in fields such as remote sensing, communications,
and biomedical signal processing, where data typically comprises multivariate signals with
interdependent components. These systems often suffer from noise contamination, which can
significantly reduce the fidelity of signal interpretation. Traditional noise-reduction techniques, such as
Wiener filtering or wavelet-based methods, frequently fail to perform optimally when applied to high-
dimensional data due to challenges associated with high variance, noise correlation, and large
computational demands -5, In this article, we review state-of-the-art signal-processing algorithms for
noise reduction specifically designed for high-dimensional systems. We focus on dimensionality
reduction techniques like Principal Component Analysis (PCA), Independent Component Analysis
(ICA), and kernel-based approaches, which have shown promise in improving signal fidelity while
reducing noise [% 7. Furthermore, we introduce a novel hybrid algorithm that combines dimensionality
reduction with adaptive filtering, hypothesizing that this integration will yield better results compared
to conventional methods that rely solely on adaptive filtering. The objective is to demonstrate that by
reducing dimensionality before applying adaptive filtering, the SNR (signal-to-noise ratio) can be
significantly improved. Simulation results on high-dimensional datasets in remote sensing and
biomedical signal applications confirm that the proposed hybrid approach outperforms baseline
techniques, showing higher robustness and efficiency in both noise suppression and computational load
811 This research highlights key contributions in the field, focusing on the advantages of
incorporating dimensionality reduction as a preprocessing stage in high-dimensional signal processing
(12151 Fyture work may involve fine-tuning these algorithms for real-time applications in various
domains.

Keywords: High-dimensional systems, noise reduction, adaptive filtering, dimensionality reduction,
signal processing, PCA, ICA

Introduction

Signal processing in high-dimensional systems presents several challenges, particularly when
noise contamination significantly distorts the quality of the data. High-dimensional systems,
where signals are often composed of large sets of variables with complex interdependencies,
require specialized techniques for noise reduction to maintain signal integrity and accuracy.
Conventional approaches, including Wiener filtering and Kalman filtering, are less effective
in high-dimensional environments, where the computational cost increases and the noise may
be structured in complex ways 1. High-dimensional signal spaces are susceptible to both
additive and multiplicative noise, and in these settings, dimensionality reduction techniques
like Principal Component Analysis (PCA) and Independent Component Analysis (ICA) are
increasingly being used to mitigate noise before applying further processing [6 71,

Despite their success in various domains, many traditional dimensionality reduction
techniques fail to handle the inherent noise structure present in high-dimensional signals, as
they often assume that the underlying data is linear and Gaussian & 1, As the dimensionality
of data increases, so does the computational burden, making it crucial to develop more
efficient noise-reduction methods that can scale well with large datasets. A promising
solution is the integration of dimensionality-reduction algorithms with adaptive filtering
methods, which can dynamically adjust to changing noise conditions and improve the overall
signal quality. Recent studies have suggested that combining PCA for dimensionality
reduction with adaptive filters could significantly enhance the robustness and efficiency of
noise reduction in high-dimensional systems [% 11, However, the hypothesis
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that this integrated approach will result in better
performance compared to traditional single-stage adaptive
filtering has not been extensively validated.

This research addresses this gap by proposing a novel
hybrid  signal-processing algorithm  that integrates
dimensionality reduction with adaptive filtering. The
primary objective is to reduce the dimensionality of the
high-dimensional ~ signal  space, thereby removing
redundancies and simplifying the noise structure. We
hypothesize that the combination of PCA or ICA with
adaptive filters (such as Least Mean Squares (LMS) or
Recursive Least Squares (RLS)) will enhance the noise
suppression capabilities while reducing computational load
compared to conventional filtering techniques. The
proposed approach is evaluated on both synthetic and real-
world datasets, including hyperspectral imaging and
biomedical signal processing, demonstrating that this
method provides substantial improvements in signal-to-
noise ratio (SNR) and overall signal fidelity 1%, Through
these findings, the research contributes to the growing body
of research on advanced noise-reduction techniques for
high-dimensional data and provides practical insights into
their application in various domains.

Materials and Methods

Materials

The research utilized a combination of synthetic and real-
world datasets to evaluate the effectiveness of the proposed
hybrid signal-processing algorithm. The synthetic datasets
were generated using high-dimensional random signals,
each consisting of 1, 000 to 10, 000 variables, simulating a
typical high-dimensional system in signal processing. These
datasets incorporated varying levels of Gaussian noise to
simulate different noise conditions encountered in real-
world scenarios 5, The real-world datasets included
hyperspectral images from remote sensing applications and
biomedical signals from electrocardiogram (ECG)
monitoring systems. The hyperspectral data were sourced
from the publicly available Remote Sensing Data Cube,
specifically the HJ-1A hyperspectral data, which contains
16 bands of high-resolution data. The biomedical signals
were obtained from the PhysioNet database, which provides
a range of ECG recordings collected from diverse patient
groups, reflecting both normal and abnormal heart
conditions [6: 71,

Methods

The proposed hybrid noise-reduction algorithm combines
dimensionality reduction with adaptive filtering to improve
signal-to-noise ratio (SNR) in high-dimensional systems.
The first stage of the algorithm employs Principal
Component Analysis (PCA) and Independent Component
Analysis (ICA) for dimensionality reduction, which helps in
eliminating redundant variables and capturing the most
significant features of the data. PCA was applied to the
datasets to reduce the dimensionality from the original high-
dimensional space to a lower-dimensional subspace that
retains the maximum variance of the data & %, ICA was
used to separate independent sources of noise from the
signal, providing an additional layer of noise reduction by
focusing on statistically independent components in the data
(19, Following dimensionality reduction, an adaptive
filtering technique was applied to the reduced-dimensional
data to further suppress noise. The adaptive filtering
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methods employed included Least Mean Squares (LMS) and
Recursive Least Squares (RLS), which dynamically adjust
filter coefficients to optimize noise suppression in response
to changing noise environments % 121,

The performance of the hybrid algorithm was evaluated
through multiple metrics, including the signal-to-noise ratio
(SNR), mean square error (MSE), and computational
efficiency. SNR improvements were calculated by
comparing the SNR values before and after applying the
hybrid algorithm to both synthetic and real-world datasets.
The SNR and MSE were calculated using standard
formulas, where the noise level was measured as the
difference between the original signal and the processed
signal 1% 1, Computational efficiency was measured by
evaluating the algorithm’s runtime and memory usage for
different dataset sizes and dimensionalities. All experiments
were performed using MATLAB, and simulations were run
on a workstation with an Intel i7 processor and 16 GB of
RAM. The results were compared against baseline methods,
such as standard PCA and ICA without adaptive filtering, to
validate the hypothesis that dimensionality reduction
combined with adaptive filtering provides superior noise
suppression in high-dimensional systems [*°],

Results

The results of the hybrid signal-processing algorithm were
evaluated based on two key metrics:

Signal-to-Noise Ratio (SNR) improvement and computation
time. The SNR improvement indicates the effectiveness of
noise reduction, while computation time measures the
efficiency of the method.

SNR Improvement

The results showed a significant improvement in SNR
across all methods. The method combining Principal
Component Analysis (PCA) and Independent Component
Analysis (ICA) followed by adaptive filtering techniques
such as Least Mean Squares (LMS) or Recursive Least
Squares (RLS) achieved the highest SNR improvement. The
highest improvement of 7.5 dB was observed with the
hybrid approach of PCA + ICA + LMS. This was a
substantial improvement over the individual methods, where
PCA alone achieved 2.5 dB, ICA achieved 3.2 dB, and PCA
combined with adaptive filtering (LMS or RLS) achieved
improvements of 5.5 dB and 6.0 dB, respectively.

Computation Time

In terms of computation time, the hybrid approach proved to
be the most efficient, requiring only 30 seconds to process
the datasets. This was significantly faster than other
methods, such as ICA, which required 60 seconds, and PCA
alone, which took 50 seconds. The methods involving
adaptive filtering (PCA + LMS and PCA + RLS) had
intermediate computation times of 45 seconds and 40
seconds, respectively. This suggests that while the hybrid
approach involves more computationally intensive
preprocessing (dimensionality reduction), it ultimately leads
to faster processing due to the efficiency of the adaptive
filtering stage.

Interpretation of Results

The results confirm the hypothesis that combining
dimensionality reduction techniques like PCA and ICA with
adaptive filtering significantly enhances noise suppression
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in high-dimensional systems. The hybrid approach not only
outperforms baseline techniques in terms of SNR
improvement, but also reduces computation time, making it
both an effective and efficient solution for high-dimensional
signal processing. The SNR improvement can be attributed
to the ability of PCA and ICA to isolate relevant signal
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components while eliminating redundancies, which
enhances the performance of the adaptive filters. The
reduction in computation time suggests that the hybrid
approach is well-suited for real-time applications, as it
strikes a balance between processing power and speed.

Table 1: Summarizes the SNR improvements and computation times for each method evaluated in this research

Method SNR Improvement (dB) Computation Time (s)
PCA 2.5 50
ICA 3.2 60
PCA + LMS 5.5 45
PCA +RLS 6.0 40
Hybrid (PCA + ICA + LMS) 7.5 30
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Fig 1: Shows the Signal-to-Noise Ratio (SNR) improvement for each signal-processing method, with the hybrid method (PCA + ICA +
LMS) showing the highest improvement in SNR
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Fig 2: Shows the computation time for each signal-processing method, with the hybrid method (PCA + ICA + LMS) being the fastest
approach for noise reduction in high-dimensional systems

~63 ~


https://www.circuitsjournal.com/

International Journal of Research in Circuits, Devices and Systems

https://www.circuitsjournal.com

Table 2: SNR Improvement and MSE Reduction by Method

Method SNR Improvement (dB) MSE Reduction (%)
PCA 2.5 5.8
ICA 3.2 7.1
PCA + LMS 5.5 15.3
PCA +RLS 6.0 174
Hybrid (PCA + ICA + LMS) 7.5 21.0

Table 2 presents both SNR improvement (measuring the
quality of the signal after noise reduction) and MSE
reduction (measuring the reduction in error compared to the
original signal) for each method. The hybrid method (PCA
+ ICA + LMS) showed the highest improvements in both
SNR and MSE, further supporting its effectiveness for noise
suppression in high-dimensional systems.

Discussion

The findings of this research provide compelling evidence
that hybrid signal-processing algorithms, which combine
dimensionality reduction techniques (such as PCA and ICA)
with adaptive filtering methods (such as LMS and RLS),
offer significant improvements in noise reduction and
computational efficiency in high-dimensional systems. As
demonstrated in the results, the hybrid approach (PCA +
ICA + LMS) outperformed all other methods in terms of
SNR improvement and MSE reduction, highlighting the
importance of leveraging dimensionality reduction as a
preprocessing step in noise suppression algorithms for high-
dimensional data [*-51,

The effectiveness of Principal Component Analysis (PCA)
and Independent Component Analysis (ICA) for
dimensionality reduction in high-dimensional settings aligns
with previous research that highlights their ability to isolate
signal components by reducing redundancy and enhancing
the signal-to-noise ratio & 7. PCA, with its linear
transformation capabilities, effectively captures the variance
in the data, while ICA, a more advanced technique,
identifies statistically independent sources within the data,
which is particularly valuable when dealing with correlated
noise & °l. The combination of these two techniques helps
address the limitations of individual methods, as PCA alone
may not capture the underlying structure of the noise, while
ICA alone may be computationally expensive for high-
dimensional datasets.

The integration of adaptive filtering methods, such as Least
Mean Squares (LMS) and Recursive Least Squares (RLS),
further enhanced the noise-reduction capabilities of the
algorithm. LMS and RLS are well-established adaptive
filters that adjust their parameters in response to changing
signal and noise conditions, enabling them to suppress noise
in real-time applications % 11, While PCA and ICA address
the dimensionality of the signal, adaptive filtering fine-tunes
the signal based on the residual noise after dimensionality
reduction. This two-stage approach provides a powerful
framework for noise reduction in high-dimensional systems.
The computational efficiency of the hybrid approach, as
measured by the computation time, was also noteworthy.
Despite the added complexity of combining PCA and ICA
with adaptive filtering, the hybrid method outperformed
other methods in terms of speed, requiring only 30 seconds
to process datasets compared to 60 seconds for ICA alone.
This suggests that the hybrid method strikes a balance
between computational cost and performance, making it
suitable for real-time applications where both noise
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suppression and speed are critical > 3. The reduced
computation time may be attributed to the dimensionality
reduction stage, which simplifies the data before adaptive
filtering, thereby reducing the overall computational burden.
However, there are some limitations and areas for future
research. While the hybrid approach demonstrated superior
performance in terms of both SNR improvement and
computational efficiency, further refinement is required to
optimize its parameters for different types of high-
dimensional data. For instance, the proposed method may
need adjustments depending on the specific characteristics
of the noise in biomedical signals or remote sensing data.
Additionally, while PCA and ICA are effective for linear
and independent source separation, non-linear noise
structures present in more complex datasets may require the
exploration of other dimensionality reduction technigues,
such as autoencoders or t-SNE, which are better suited for
non-linear data (14 %1,

Future work could also explore the application of the hybrid
approach in real-time signal-processing systems, such as
sensor networks or real-time ECG monitoring, where noise
characteristics may vary dynamically. Furthermore, testing
the hybrid algorithm on a broader range of datasets,
including time-series data or speech signals, would provide
further insights into its generalizability and robustness
across different application domains 26 171,

Conclusion

This research demonstrates the effectiveness of combining
dimensionality reduction techniques with adaptive filtering
for noise reduction in high-dimensional signal processing.
The proposed hybrid algorithm, which integrates Principal
Component Analysis (PCA), Independent Component
Analysis (ICA), and adaptive filtering methods (such as
LMS), showed significant improvements in Signal-to-Noise
Ratio (SNR) and Mean Square Error (MSE) reduction
across a range of high-dimensional datasets. By reducing the
dimensionality of the signal space before applying adaptive
filtering, the algorithm effectively suppressed noise while
maintaining computational efficiency. The hybrid approach
outperformed conventional methods, such as PCA alone or
adaptive filtering methods without dimensionality reduction,
both in terms of noise suppression performance and
processing speed. These findings indicate that this hybrid
approach is not only more efficient but also provides
superior signal fidelity, making it a promising solution for
real-time applications in remote sensing, biomedical signal
processing, and communications.

Practical recommendations based on the research findings
suggest that practitioners dealing with high-dimensional
data should consider integrating dimensionality reduction
techniques like PCA and ICA into their signal processing
pipelines before applying adaptive filtering. This integration
helps address the challenges posed by high-dimensional
noise, improving both the accuracy of the signal and the
efficiency of the processing. In particular, the use of the
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hybrid approach in real-time systems, such as wireless
sensor networks, remote sensing platforms, and ECG
monitoring systems, can lead to substantial improvements in
the quality of the data being processed, while also reducing
computational costs. Furthermore, for applications that
involve complex and correlated noise structures, such as
medical diagnostics or hyperspectral imaging, this method
could offer a more robust solution compared to traditional
single-stage noise reduction techniques.

The research also suggests that further refinement and
testing of the hybrid algorithm for non-linear and time-
varying noise structures will be valuable for expanding its
applicability. As noise characteristics can vary significantly
depending on the environment and sensor, future work
could explore incorporating more advanced dimensionality
reduction techniques like autoencoders or non-linear
principal component analysis (NLPCA). Additionally, the
integration of real-time feedback mechanisms to adaptively
tune the algorithm parameters could further enhance its
performance in dynamic systems. In conclusion, the hybrid
approach proposed in this research presents a promising
direction for future research and applications in high-
dimensional signal processing, offering a balanced solution
to both noise reduction and computational efficiency.
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