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Abstract: Gravitational wave detections have revolutionized astrophysics, enabling observations of cosmic 

phenomena beyond electromagnetic waves. These new observation techniques allow us to see through dense 

regions where light can’t provide enough information, such as black hole mergers. However, the transient noise 

and the overlapping signals pose a challenge, significantly hindering the trace of the origin. This study investigates 

potential overlapping circumstances as well as solutions for addressing them. One proposed solution to resolve 

overlapping signals is the comparison of detected frequencies using a Bayesian Inference and template matching 

technique. Possible approaches include improving sensitivity and signal processing techniques in current 

detectors such as LIGO and VIRGO. Space-based detectors like LISA, Taiji, and TianQin are set to launch, but 

techniques to interpret the signals are still under development. This methodology allows astrophysicists to 

distinguish high strain and provide a pre-collision stage. Furthermore, extensive research into gravitational waves 

and signal characteristics can improve signal interpretation and advance our understanding of the evolution of the 

universe. The improvement holds a potential benefit in examining the properties of astrophysical sources, 

particularly in differentiating the overlapping gravitational background, and thus will improve multi-messenger 

astronomy. 
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1. Introduction 

ravitational waves are ripples in space generated by massive objects undergoing rapid acceleration. The 

idea for GW was proposed by Einstein in his theory of general relativity, explaining that the strength of 

gravitational waves increases with the mass and acceleration of the source. The mathematical foundation of GW 

lies in Einstein’s field equation. 
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Here 𝑅𝜇𝑣 = Ricci curvature tensor (how space-time bends locally) 

𝑅 = Ricci scalar (Overall curvature) 

𝑇 = Stress energy tensor (represents energy and momentum of matter) 

𝐺= Gravitational constant 

𝑐= Speed of light 

𝑔𝜇𝑣= metric tensor (describes the geometry of spacetime)       [1] 

 

The theory explicitly explains how space-time bends in different regions. Space-time is not static; it bends 

and warps as a result of distribution of mass and energy. Gravitational waves are a perturbation in spacetime 

curvature. These waves propagate at the speed of light while distorting the regions in space. As the space-time 

fabric is dynamic, there are some areas where the fabric is nearly flat due to weak gravitational waves. The weak 

regions are expressed as the metric tensor, proportional to the sum of Minkowski space and perturbation 

𝑔𝜇𝑣 = ղ𝜇𝑣 + ℎ𝜇𝑣        [1] 
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Dense cosmic objects like black holes, stars, and neutron stars, when they reach their final stages, often explode 

under immense pressure. They can also collide with other massive objects, such as black hole mergers or the 

collisions of binary stars. These events emit both electromagnetic waves (EMW) and gravitational waves (GW). 

Studies have shown that EMW can provide invaluable insights into the universe, despite being influenced by 

gravity. However, the addition of gravitational waves introduces a new dimension to astronomy. For instance, 

while EMW can reveal the cloud of remnants from a supernova, gravitational waves can provide crucial 

information about the mass, direction, and type of event that occurred. In some instances, light may not convey 

information, but gravitational waves always do. This multi-messenger approach expands our understanding of the 

universe [2]. For instance, the observation of GW170817 significantly highlighted the value of multi-messenger 

astronomy to study the neutron star merger. 

Figure-1 shows how the matter bends space, allowing it to move in curve coordinates [Image Courtesy: 

American Scientist] 
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Figure-2 Coalescence of two black holes emit gravitational waves [Image Courtesy: American Scientist] 

The pre-collision phase slowly emits waves but during the merging phase, the speed approaches to speed of 

light and therefore, emitting strong waves, thereby travelling across the space. These wavelengths are detected by 

ground-based detectors for the fractions of a second. 

These GW are characterized by their quadrupole nature, generating and propagating due to the acceleration of 

non-symmetrical objects. This nature causes polarization in two forms, i.e. plus and cross. The plus polarization 

allows the waves to move in x and y directions (stretch and compress), while cross polarization rotates the stretch-

compress by 45 degrees relative to plus polarization [3]. 

 

 

Figure-3 Two polarization states [Image Courtesy:  American Scientist] 

The frequencies of gravitational waves are as strong as 10-1000 Hz that are detected by LIGO and VIRGO to 

ultra-low (10-9-10-7 Hz) targeted by space-based systems LISA. Another property of GW includes a non- 

interactive property. The stretch-compress nature barely interacts with matter; therefore, the information isn’t 

absorbed or scattered, enabling us to trace the origin without the loss of information. [2-3] However, this 

information is undermined as they travel light-year distance, thereby posing a challenge in interpreting 

gravitational wave signals, particularly when gravitational waves from two different origins interfere with each 

other. Such overlaps, especially at similar frequencies, can lead to constructive interference, distorting the signals 

and making it difficult to isolate individual sources. The potential results can alter the paths, affecting the 

information they carry. This presents both a challenge and a research opportunity: to develop techniques for 

gravitational waves interpretation, improve frequency resolution could help isolate overlapping signals and extract 

accurate astrophysical parameters. This research focuses on solving these problems by improving the sensitivity 

and frequency range of ground-based detectors. This study intends to improve gravitational wave interpretation 

by improving the ability to detect weaker signals and pre-collision phases, as well as utilizing multi-detector 

systems. These advances have the potential to improve our knowledge of cosmic origins and universe evolution, 

paving the path for discoveries in gravitational wave astronomy. 

 

Image Courtesy: American Scientist: This figure shows a two polarization states. 
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2. Detection Technologies 

After the theoretical approach of Einstein, further experimental suggestions took over the topic. The methods 

and tools to detect gravitational waves were started in the 1960s when Weber bars were developed in massive 

aluminum cylinders to detect space-time distortions [3-4]. In 1969, Weber published a paper claiming that he 

found evidence of gravitational waves. However, due to some limitations in sensitivity, the new generations of 

GW detectors were constructed like LIGO, aLIGO, VIRGO, and GEO600 [4]. The main component to detect is 

the Interferometric technique. Interferometers are used to measure everything from the smallest variations to the 

enormous structures, thereby useful in GW. The key components are a light source, a beam-splitter, two mirrors, 

and a photo detector that records the interference pattern [5]. LIGO and VIRGO consist of two arms extended 4 

km and 3 km respectively [5-6]. The beam is split into two arms that travel perpendicularly. As long as the two 

beams travel at the same distances, when recombined, they show no light on the photodetector but as the GW 

passes through them, it allows one arm to compress and the other to stretch. As a result, it shows some light due 

to the alignment of the waves. GEO600, a smaller interferometer with 600-meter arms, serves as a supplemental 

detector [3-4]. It certifies powerful GW occurrences during LIGO and Virgo downtime and tests modern 

technologies but with reduced sensitivity in comparison to larger detectors. Alternative approaches, like Pulsar 

Timing Arrays (PTAs), concentrate on low-frequency GWs. PTAs employ pulsars, or cosmic clocks, to identify 

space-time distortions based on signal timing differences. Collaborations like IPTA (International Pulsar Timing 

Array) incorporate data from EPTA, NANOGrav, and PPTA, and have recently discovered evidence of a low-

frequency gravitational wave background. Future developments include space-based detectors such as LISA 

(Laser Interferometer Space Antenna), which has spacecraft arranged in a triangle arrangement with arms 

extending a million miles [4]. LISA will detect GWs between 0.1 mHz and 1 Hz, witnessing processes such as 

supermassive black hole mergers and compact binaries and exploring the early universe devoid of terrestrial noise. 

These tools have altered gravitational wave astronomy, delivering deeper insights into the universe and laying the 

groundwork for future discoveries. 

Figure-4 Method to detect the gravitational waves in VIRGO site based in Pisa, Italy [Image Courtesy: 

VIRGO Lab] 

 

Figure-5 Snapshot taken from Danzmann and Rudiger 2003 [28] illustrating the proposed LISA mission. 

[4] 
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3. Challenges in Signal Detection 

The noise interference can obscure cosmic detection such as ground-based detectors facing some terrestrial 

vibrations including traffic noise, earthquakes, moving wind etc. [2]. The purpose of orthogonal arms helps us to 

identify accurate detection. This noise can create some glitches across the spectrogram, divided according to their 

shapes. Therefore, the Virgo channels are installed to handle the signal processing and noise characterization [7]. 

Virgo utilizes multiple data channels that monitor the performance of the interferometer and help identify noise 

sources. These channels are presented as a spectrogram, Time-series data, and frequency-domain analysis. 

Figure-6 Shows a specific type of glitch known as “blip”. (On left side) They are characterized by a 

triangular shape, which extends vertically through a broad range of frequencies, usually from 20-40 Hz to 

500 Hz or more, and has a quite short duration of a few tenths of a second. On the right side, Glitch in the 

channel measuring the circulating power in the Virgo Input Mode Cleaner cavity (IMC). [7] 

While noise and glitches are significant challenges in signal detection, the overlapping of gravitational wave 

signals presents an even more complex issue [8]. Overlapping trends might occur when two waves from different 

origins overlap. These can include various limitations and challenges. Before solutions, it is essential to discuss 

the potential conditions, thereby creating hindrances in detection. This situation might not be recorded yet or the 

ground-breaking disregards this situation. 

1) If the waves overlap under the same frequency, it can create a larger frequency and strain as a result of 

constructive interference. This interference may record for a fraction of a second. 

2) Waves might overlap at different frequencies as well, but they might create an impact on the information 

4. Methodology for Overlapping 

One way to overcome this potential challenge is to train the machine learning algorithms by providing the 

known data of the sources recorded previously. The method includes Bayesian Inference as this technique 

can calculate the probabilities and uncertainty about the parameters of the overlapping signals. It allows 

computers or detectors to generate the expected result based on prior knowledge and new data. Overlapping 

signals can occur under different circumstances. 

1) The signals might overlap at equally highly or lowed intensified frequencies with different origins 

in space-time, resulting in different waveforms than two black hole mergers. 

2) The overlap occurs at different intensity values. 

For this purpose, the Bayesian Inference uses the following Bayes’ Theorem as: 

𝑃(𝐻|𝐷) =
𝑃(𝐷|𝐻). 𝑃(𝐻)

𝑃(𝐷)
 

Where, 𝑃(𝐻|𝐷) = posterior probability 

𝑃(𝐻)= Prior Probability 𝑃(𝐷|𝐻)= likelihood 𝑃(𝐷)= Evidence 
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The Bayesian Inference will use prior knowledge by known waveform templates which will be 

mathematically generated representing GW. The next step involves the combinations of the templates and 

analyzing the parameters from the associated signals. It might set two parameters corresponding to the two 

different sources. 

After the expected generated waveform through Bayesian Inference Template matching can be 

implemented, allowing to match the acquired waveform with the template library, helping to isolate and 

identify the overlapping signals. 

5. Conclusion 

With emphasis on noise and overlapping signals, this study highlights the major difficulties in gravitational 

wave signal identification. A strong framework for enhancing signal separation and accuracy is presented in this 

study by suggesting increased machine learning-based techniques. The Bayesian Inference is actively used in 

noise reduction but its use in overlapped signals will make major contributions to gravitational wave astronomy. 

The other techniques such as random forests will not be appropriate to use as it doesn’t involve the expected 

outcome. Additionally, it cannot handle the complex data. To further increase the accuracy of gravitational wave 

detections, future research will focus on improving these techniques and using them on actual data. Once 

successful, this method can be applied to space-based detectors. 
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