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Abstract: The Fourier Transform (FT) is a basic mathematical tool for converting signals from the time/spatial domain to the frequency 

domain. Its discrete and fast versions (DFT/FFT) allow to efficiently analyse and process complex signals. This review concerns the 

principles of the Fourier transform, its important properties and wide practical applications with particular emphasis on signal processing 

in mobile communications and power systems. There is a technique called Fourier Transform (FT for short) in wireless networks. This is 

what allows things like Orthogonal Frequency Division Multiplexing. This is what allows 4G and 5G systems to send data quickly and 

efficiently, reducing interference. But that’s not all-FT is also used in power quality management to identify and correct problems such 

as harmonics and transients quickly. However, the basic FT method has its limitations, especially when dealing with signals that change 

over time, so scientists have developed more advanced versions like the Short-Time FT, Stockwell transform, and wavelets to handle these 

tricky signals. You'll also see FT in medical imaging like MRI scans and in the compression of audio and image files like MP3s and 

JPEGs. It is even employed in vibration analysis and is starting to be employed in machine learning, which is a pretty exciting area of 

research. Overall, FT is a very powerful tool that helps us to make sense of complex signals and has many different applications. This 

paper reviews the basic mathematics, historical development, and changing role of Fourier analysis in modern technology. It focuses on 

strengths, recent progress and future directions and discusses computational implementations for practical problem solving. The book 

closes the gap between theory and applications and emphasises the relevance of Fourier methods to science and engineering. 

 

Keywords: Fourier Transform, FFT, OFDM, Power Quality, MRI, Signal Processing, Mobile Communications 

 

1. Introduction 
 

It is the language of the universe to understand the patterns in 

nature, technology, and scientific research. Look at the 

movement of planets or the movement of information in a 

computer - mathematical structures turn raw observations into 

useful insights. A common thread in many of these 

developments is the Fourier transform, a ubiquitous analysis 

tool that breaks down complicated signals into their 

constituent frequencies. 

 

The origins date back to the French mathematician and 

physicist Jean Baptiste Joseph Fourier (1768–1830). In 1822 

Fourier published his seminal work Théorie analytique de la 

chaleur in which he boldly asserted that any periodic function 

can be represented as an infinite series of sine and cosine 

waveforms. The Fourier series is written in a mathematical 

notation: 

𝑓(𝑡) =
𝑎0
2
+∑[𝑎𝑛cos (

2𝜋𝑛𝑡

𝐿
) + 𝑏𝑛sin (

2𝜋𝑛𝑡

𝐿
)]

∞

𝑛=1

 

 

where 𝑎𝑛and 𝑏𝑛are Fourier coefficients. Though initially 

criticized for lacking rigor, this idea proved revolutionary. It 

evolved into the Fourier transform for non-periodic 

functions, enabling conversion between the time/spatial 

domain and the frequency domain. The continuous Fourier 

transform pair is given by: 

𝑓(𝜉) = ∫ 𝑓(𝑡)
∞

−∞

𝑒−2𝜋𝑖𝜉𝑡  𝑑𝑡, 𝑓(𝑡) = ∫ 𝑓
^∞

−∞

(𝜉)𝑒2𝜋𝑖𝜉𝑡  𝑑𝜉 

 

These formulations opened new avenues in physics, 

engineering, and beyond. 

Fourier analysis is everywhere in modern applications. 

Signals, such as audio, video, images, radar, or biomedical 

data, are often processed in the frequency domain due to 

efficiency reasons. Take mobile communications as a case in 

point. When you make a call, a smartphone converts voice 

into digital data. It performs error correction and 

compression. It modulates the signal using frequency-domain 

methods. Orthogonal Frequency Division Multiplexing 

(OFDM), which relies heavily on the Fast Fourier Transform 

(FFT), helps multiple users efficiently share bandwidth in 4G 

and 5G networks, reducing interference and increasing data 

rates. 

 

In addition to communications, Fourier techniques are used to 

solve fundamental problems in power systems. FFT-based 

spectral analysis is used in power quality monitoring to detect 

harmonics and transients which may damage equipment or 

disturb grids. Medical imaging accrues significant 

advantages: Magnetic Resonance Imaging (MRI) is a 

technique that generates high resolution images of the body 

by applying inverse Fourier transforms on k-space data. Other 

useful applications include image compression (JPEG), audio 

encoding (MP3), vibration analysis for mechanical 

engineering, seismic data processing to predict earthquakes, 

and feature extraction for machine learning models using 

spectrograms. 

 

These methods are still being developed, as reflected in recent 

academic reviews [3,4]. Hybrid approaches that combine 

Fourier transforms with wavelets, fractional Fourier 

transforms, or deep learning are becoming more effective for 

non-stationary and noisy signals typical in real-world 

conditions. The rapid pace of digital transformation driven by 

the explosion of data from IoT devices, 5G/6G networks and 
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AI technologies is increasing the demand for effective 

frequency domain tools. 

 

In this article we provide a broad overview of the Fourier 

transform, its history, mathematics, properties, efficient 

computation (especially the FFT), and applications. Particular 

emphasis is placed on its significant role in mobile 

communications and power quality management. The work is 

intended to stress the lasting importance of Fourier's 

discovery and its relevance to 21st century problems that 

connect traditional theory with advanced technology. 

 

2. Mathematical Foundations and Key 

Properties 
 

The Fourier transform builds upon the idea that complex 

signals can be expressed as sums of simpler sinusoidal 

components. This section outlines the core mathematics and 

fundamental properties that make the transform indispensable 

in real-world applications. 

 

2.1 Fourier Series 

 

For a periodic function 𝑓(𝑡)with period 𝑇 = 2𝐿, the Fourier 

series expansion is: 

𝑓(𝑡) =
𝑎0
2
+∑[𝑎𝑛cos (

2𝜋𝑛𝑡

𝐿
) + 𝑏𝑛sin (
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𝐿
)]

∞

𝑛=1

 

 

where the coefficients are calculated as: 
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1
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This representation decomposes the signal into its harmonic 

components, revealing the frequencies that contribute to its 

overall shape. 

 

2.2 Fourier Transform 

 

For non-periodic functions defined over the entire real line, 

the Fourier transform (FT) and its inverse are defined as: 

𝑓(𝜉) = ∫ 𝑓(𝑡)
∞

−∞

𝑒−2𝜋𝑖𝜉𝑡  𝑑𝑡(Forward Transform) 

 

𝑓(𝑡) = ∫ 𝑓
^∞

−∞

(𝜉)𝑒2𝜋𝑖𝜉𝑡  𝑑𝜉(Inverse Transform) 

 

Here, 𝑓(𝜉)represents the frequency content of 𝑓(𝑡). The 

variable 𝜉denotes frequency (in Hertz when appropriately 

scaled). 

 

In digital systems, where signals are discrete and finite, the 

Discrete Fourier Transform (DFT) is used: 

𝑋[𝑘] = ∑ 𝑥[𝑛]

𝑁−1

𝑛=0

𝑒−2𝜋𝑖𝑘𝑛/𝑁 , 𝑘 = 0,1, … , 𝑁 − 1 

 

The Fast Fourier Transform (FFT) is an efficient algorithm 

(Cooley-Tukey) that reduces the computational complexity of 

the DFT from 𝑂(𝑁2)to 𝑂(𝑁log𝑁), making real-time 

applications feasible. [5] 

 

2.3 Key Properties 

 

The power of the Fourier transform lies in its elegant 

properties, which simplify analysis and computation: 

• Linearity: ℱ{𝑎𝑓(𝑡) + 𝑏𝑔(𝑡)} = 𝑎𝑓(𝜉) + 𝑏𝑔̂(𝜉) 

• Time Shifting: ℱ{𝑓(𝑡 − 𝑡0)} = 𝑒−2𝜋𝑖𝜉𝑡0𝑓(𝜉) 
• Frequency Shifting (Modulation): ℱ{𝑓(𝑡)𝑒2𝜋𝑖𝜉0𝑡} =

𝑓(𝜉 − 𝜉0) 
• Convolution Theorem: Convolution in time domain 

equals multiplication in frequency domain: ℱ{𝑓 ∗ 𝑔} =

𝑓(𝜉) ⋅ 𝑔̂(𝜉). This is crucial for filtering and signal 

processing in mobile devices and power systems. 

• Parseval’s Theorem (Energy Conservation): ∫ ∣

𝑓(𝑡) ∣2 𝑑𝑡 = ∫ ∣ 𝑓(𝜉) ∣2 𝑑𝜉, which underpins energy 

analysis and compression algorithms. 

• Differentiation: Transforms derivatives into simple 

multiplications by frequency, useful in solving differential 

equations (e.g., heat equation). 

 

These properties enable efficient noise reduction, 

compression, and feature extraction across applications 

ranging from cell phone signal modulation to MRI image 

reconstruction. 

 

Limitations 

The standard FT assumes stationarity and can struggle with 

transient or non-stationary signals. This has driven the 

development of time-frequency tools like the Short-Time 

Fourier Transform (STFT), Wavelet transforms, and the 

Stockwell transform. 

 

3. Role of Fourier Transform in Cell Phones 
 

Cellular communication is one of the most common and 

influential real-world applications of Fourier transform. 

Modern cell phones are highly sophisticated signal processing 

devices that extensively utilise frequency domain analysis for 

voice transmission, data connectivity, noise management, and 

spectrum efficiency. 

 

3.1 Signal Conversion and Transmission 

 

When a user speaks into a phone, the analogue voice signal is 

first sampled, thus digitised. The resulting discrete-time 

signal is then analysed by Fourier techniques. The voice is 

converted into a continuous sine wave, modulated by the 

information, by the transmitter. Fourier showed that any 

complex wave form (like speech) can be decomposed into a 

sum of sine and cosine waves of different frequencies and 

amplitudes. The Fourier transform allows engineers to work 

with these frequency components, and study them, in a very 

efficient way. 

 

In practice, the voice signals are segmented, Fourier 

transformed (FFT), compressed (for example using 

perceptual coding, which discards inaudible frequencies), and 

error-correction codes are added, all taking advantage of 

frequency domain insights. 
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3.2 Modern Networks and OFDM Modulation 

 

One important application is modulation schemes. Earlier 

systems used simple techniques, while 4G LTE and 5G 

networks use Orthogonal Frequency Division Multiplexing 

(OFDM). OFDM splits the available bandwidth into a large 

number of closely spaced orthogonal subcarriers. At the 

transmitter, the data is efficiently modulated onto the 

subcarriers using the Inverse Fast Fourier Transform (IFFT), 

and demodulated at the receiver using the FFT. This scheme 

offers high spectral efficiency, immunity to multipath fading 

and support for high data rates. 

 

Without FFT/IFFT implementations, the computation 

demand of real-time multi-carrier modulation would be 

prohibitive on mobile hardware. 

 

3.3 Denoising and signal improvement 

 

Cell phones work in noisy environments. Fourier-based 

filtering (e.g. frequency-selective filters) is used to remove 

unwanted noise while preserving speech. Noise cancellation 

headsets and speakerphones use adaptive algorithms using 

spectral analysis to detect and eliminate background 

frequencies. The convolution theorem provides a further 

simplification to design equalisers to correct for distortions in 

the channel. 

 

3.4 Other Telephone Features 

 

• Audio Processing: Equalisers, voice assistants (e.g., 

Siri/Google Assistant), and music playback: Real-time 

spectral analysis using FFT. 

• Image and Video: 2D Fourier transforms for camera apps 

to enhance, compress (JPEG) and stabilise. 

• Location and Connectivity: Frequency domain techniques 

are also used in processing of GPS and Wi-Fi signals. 

• Power Efficiency: FFT algorithms are optimised for low-

power DSP chips, enhancing battery life. 

 

3.5 Advances and Challenges 

 

Basic FT is very effective, but has limitations with rapidly 

changing signals. Short-Time Fourier Transform (STFT) and 

hybrid AI-Fourier models are used to better deal with 

dynamic environments in modern phones. These limits are 

anticipated to be extended further with terahertz frequencies 

and advanced waveform designs in future 6G systems.” 

 

So, to conclude, the Fourier transform is not just a tool to help, 

it is a principle technology that allows us to have the small, 

strong and reliable mobile devices that we use everyday. The 

compact representation in the frequency domain is the basis 

for almost all cellular communication. 

 

4. Applications in Power Quality Disturbance 

Mitigation 
 

Power quality (PQ) is the term used to describe the stability 

and cleanness of voltage and current waveforms in electrical 

distribution systems. With the increasing integration of 

nonlinear loads (e.g. inverters, electric vehicles) and smart 

grids as renewable energy sources, PQ disturbances (e.g. 

harmonics, voltage sags/swells, transients, flickers and 

interruptions) have become increasingly common. The 

Fourier transform is fundamental to finding identifying 

diagnosing and resolving these issues. 

 

4.1 Harmonic Analysis by FFT 

 

The most common application is the harmonic analysis. Ideal 

power signals are pure sine waves at 50/60 Hz . Nonlinear 

loads produce higher order harmonics. These distort 

waveforms and cause over-heating, reduced efficiency and 

failure of equipment. The Fast Fourier Transform (FFT) 

allows a fast and accurate decomposition of the distorted 

signal into its frequency components, so that harmonic orders 

and magnitudes can be identified precisely. 

 

Utilities and industries use FFT-based instruments and 

software (usually in MATLAB or dedicated PQ analysers) for 

real-time monitoring and compliance to standards such as 

IEEE 519. 

 

4.2 Transient and Non-Stationary Disturbance Detection 

 

The standard FT is effective for steady-state harmonics but 

has limitations for short-duration or non-stationary events. 

More sophisticated variants are used to solve this problem: 

• Short-Time Fourier Transform (STFT): Gives time-

localized frequency information. 

• Stockwell Transform (S-Transform): Gives the better 

resolution for PQ disturbance classification. 

• Wavelet Transforms: Great for transient detection and 

event localisation in time and frequency. 

 

The recent studies combine these with machine learning for 

automated classification and predictive maintenance. 

 

4.3 Countermeasures 

 

Active filtering solutions guided by Fourier analysis. For 

instance: 

• Active Power Filters (APF) is used to generate 

compensating currents to cancel harmonics using real-

time FFT. 

• Unified Power Quality Conditioners (UPQC) are 

employing FFT based control algorithms for simultaneous 

voltage and current compensation. 

• Distributed FFT-based sensors can provide fast response 

and islanding detection in smart grids. 

 

4.4 Relevancia industrial y de investigación 

 

PQ monitoring prevents costly downtime in industrial 

environments. Research is being done to develop hybrid 

techniques that avoid the limitations of FFT (e.g. spectral 

leakage, picket-fence effect) through the use of windowing 

functions and oversampling. The demand for sophisticated 

Fourier-based PQ tools is rapidly increasing as the integration 

of renewables and EV charging infrastructure grows. 

 

The Fourier transform is therefore a diagnostic and enabling 

technology, supporting reliable and efficient power 

distribution in the modern energy landscape. 
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5. Limitations of Classical Fourier Transform 

and Recent Advances 
 

The Fourier Transform is a very powerful and widely used 

tool, but it has limitations inherent to it. These limitations are 

overcome by more advanced variants which are better 

adapted to the challenges of the real world. 

 

5.1 Major Constraints 

 

• Stationarity Assumption: The common FT presumes that 

signals are stationary (their statistical properties do not 

change over time). It is not good at transient, non-

stationary or time varying signals that are common in 

power systems and mobile environments. 

• Time-Frequency Resolution Trade-off: The transform has 

good frequency resolution but no time localisation.  A 

global frequency spectrum does not give information 

about when specific frequencies occur. 

• Spectral Leakage and Resolution issues: The finite 

windowing in discrete implementations (DFT/FFT) 

causes leakage and picket-fence effects, degrading the 

accuracy for nearby frequencies. 

• High Computational Cost for Ultra-Large Datasets: While 

FFT is computationally fast, the processing of ultra-

wideband signals in real time requires high sampling rates 

and robust hardware. 

• Noise Sensitivity: Basic FT can amplify noise in some 

frequency bands without any extra processing. Such 

limitations are particularly evident in the power quality 

analysis for dynamic loads and high mobility cellular 

scenarios. 

 

5.2 Recent Advances and Hybrid Approaches 

 

Several improvements have been suggested by researchers to 

overcome these challenges: 

• Time-Frequency Representations: A local analysis is 

possible with the Short-Time Fourier Transform (STFT) 

or the Wavelet Transform. The Stockwell Transform (S-

Transform) (a combination of STFT and wavelets) offers 

better resolution for detection and classification of PQ 

disturbance. 

• Fractional Fourier Transform (FrFT): Generalisation of 

classical FT and useful for chirp-like signals (e.g. linear 

frequency modulation in radar and communications).  

• Oversampling and Noise Suppression Methods: This 

method is used in conjunction with digital filtering and 

compressive sensing to improve the effective resolution 

and noise immunity of the Analogue to Digital Converters 

(ADC). 

• Machine Learning Integration: Present-day systems use 

FFT/STFT spectrograms as input features for deep 

learning models enabling intelligent anomaly detection in 

power grids and adaptive signal processing in 

smartphones. 

• Fast and Sparse Algorithms: Optimised FFT variants and 

GPU/edge-computing implementations for real-time 

applications in 5G/6G and IoT systems. 

 

Recent extensive reviews prove that hybrid Fourier-based 

methods are significantly better than the classical ones for 

processing non-stationary signals, which makes them 

indispensable for next generation smart grids, self-driving 

vehicles, and advanced wireless networks. 

 

These developments will help keep the Fourier analysis 

relevant and growing with the new technology.  

 

6. Conclusion 
 

Since the pioneering work of Joseph Fourier on the 

conduction of heat in the early nineteenth century, the Fourier 

transform has become one of the most versatile mathematical 

tools in science and engineering. It has the ability to bridge 

time and frequency domains, giving profound understanding 

of complex signals and elegant solutions to real problems. 

 

In this review, we have discussed the basic concepts, 

important mathematical properties, and pioneering 

applications of the Fourier transform in the real world. For 

example, FFT, OFDM by Fourier analysis in the mobile 

communication field is the backbone of modern society with 

high speed and reliable connectivity. Fourier-based 

techniques and their advanced variants are important in power 

quality disturbance monitoring, detection and mitigation for 

stability in increasingly complex smart grids in power 

distribution systems. 

 

But it is restricted to non-stationary signals and is constantly 

being enhanced (time-frequency representations (STFT, 

Stockwell and Wavelet transforms), fractional Fourier 

transforms and integration with artificial intelligence). These 

developments are tackling contemporary issues in 5G/6G 

networks, renewable energy integration, medical imaging, 

and others. 

 

The Fourier transform and its descendants will remain 

essential as we move towards an even more connected and 

data intensive future. Its efficiency in computation, its beauty 

in theory, and its wide applicability make it a lasting legacy. 

Further studies should explore hybrid algorithms, edge-

computing optimisations and interdisciplinary applications to 

fully leverage its potential in solving emerging technological 

challenges. 

 

“With an understanding and application of Fourier methods, 

researchers and engineers will continue to develop systems 

that are faster, cleaner, and more reliable.” Fourier’s insight 

that complex phenomena can be understood in terms of 

simple harmonic components points the way forward. 
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