Distributed Acoustic Sensing Using
an Ultra-stable Laser

A Thesis

submitted to
Indian Institute of Science Education and Research Pune
in partial fulfillment of the requirements for the

BS-MS Dual Degree Programme

by

Sumit Ghosh

IISER PUNE

Indian Institute of Science Education and Research Pune
Dr. Homi Bhabha Road,
Pashan, Pune 411008, INDIA.

April, 2025

Supervisor: Prof. Subhadeep De
© Sumit Ghosh 2025

All rights reserved






Certificate

This is to certify that this dissertation entitled “Distributed Acoustic Sensing Using an
Ultra-stable Laser” submitted towards the partial fulfilment of the BS-MS dual degree pro-
gramme at the Indian Institute of Science Education and Research (IISER), Pune represents
study/work carried out by Sumit Ghosh at Inter-University Center for Astronomy and As-
trophysics (IUCAA) under the supervision of Prof. Subhadeep De, Associate Professor,

during the academic year 2024-2025.

Prof. Subhadeep De

Committee:
Prof. Subhadeep De

Prof. Atikur Rahman






Dedicated to my parents.






Declaration

I hereby declare that the matter embodied in the report entitled “Distributed Acoustic
Sensing Using an Ultra-stable Laser” are the results of the investigation carried out by
me at the, Inter-University Center for Astronomy and Astrophysics (IUCAA), under the
supervision of Prof. Subhadeep De and the same has not been submitted elsewhere for any
other degree. Wherever others contribute, every effort is made to indicate this clearly, with

due reference to the literature and acknowledgement of collaborative research and discussions.

(gﬂm ni 'f/ &L@Sﬁ

Sumit Ghosh






Acknowledgments

I sincerely thank my supervisor, Prof. Subhadeep De, for his invaluable guidance, mentor-
ship, and patience throughout this project. His insights have been instrumental in shaping
my research. I am also grateful to Prof. Atikur Rahman (IISER Pune) for his constant

support and encouragement.

I deeply appreciate my research group members—Stanley, Sujaya, Sankalpa, Sankar, and
Venu—for their insightful discussions and collaboration. Special thanks to my parents for
their unwavering support and to my friends—Harsh, Mayank, Priyanshu, Ayush, Ridham,

Harshit, and Gaurav—for their motivation and companionship.

I extend my gratitude to the Director and administration of IUCAA, Pune, for facilitat-
ing my research and to the IUCAA computer section, especially Prafull Barathe, for their
technical assistance. I also thank the I-Hub Quantum Technology Foundation for awarding
me the Chanakya Undergraduate Fellowship (2024-25).

Finally, I acknowledge everyone who has contributed to my academic journey. Your

support has been truly invaluable.

1X






Abstract

Distributed Acoustic Sensing (DAS) technology, which utilizes optical fibres to monitor vi-
brations and acoustic signals, has emerged as a powerful tool for applications ranging from
structural health monitoring of bridges and pipelines to geophysical exploration and surveil-
lance. This study investigates using an ultra-narrow linewidth ultra-stable continuous-wave
(CW) laser operating at a wavelength of 1550 nm to enhance the performance and relia-
bility of fiber-based DAS systems. The proposed system addresses the limitations of phase
noise and frequency instability, delivering improved signal-to-noise ratio (SNR) and detection
sensitivity. The CW laser, characterized by exceptional coherence properties, continuously
interrogates the optical fibre, which serves as both the sensing element and the transmission
medium. Environmental perturbations such as acoustic waves or vibrations induce phase
changes in the fibre, which are captured through a beat-note signal between the stable laser
and the propagated light. These variations are processed to accurately detect and local-
ize disturbances with a spatial resolution of +5m. The system can detect frequencies from
< 0.01 Hz up to 500 Hz. This system can be used for acceleration sensitivity /mass movement
at peak-particle velocities (PPV) of sub-um/s. By minimizing phase noise, the ultra-stable
laser source ensures precise and reliable measurements, demonstrating significant potential
for applications such as validating acoustic vibrations in gravitational wave detectors. The
findings highlight the transformative impact of integrating ultra-narrow ultra-stable CW
lasers into DAS systems, paving the way for advancements in acoustic sensing technologies

across various industries with enhanced accuracy, sensitivity, and spatial resolution.
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Chapter 1

Introduction

“All our knowledge has its origins in our perceptions.”

— Leonardo da Vinci

The advancement of modern science heavily relies on the continuous improvement of re-
search equipment and the creation of innovative tools that expand our understanding of the
world. A key challenge in this progress is integrating state-of-the-art research instruments
and techniques into scientific fields where they have yet to be utilized. Fibre-based sensors
represent one of the most advanced families of modern measurement instruments, as clearly
described by Fang et al. [1]. While conventional telecommunication optical fibres are widely
used, specialized optical fibres have also been developed for sensing applications. Compared
to electrical sensors, fibre-optic sensors offer several advantages, including their lightweight
nature, compact size, electricity-free sensing elements, and immunity to electromagnetic
interference and harsh environments [2]. These features enable their use in hazardous con-

ditions such as explosive atmospheres, combustible mixtures [3], and strong electromagnetic

fields.

Among fibre-optic sensors, distributed fibre sensors stand out as a significant technologi-
cal advancement in metrology and scientific research. Their capabilities and advantages have
been extensively demonstrated by A. Hartog [4]. These sensors have been rapidly adopted
in various research fields, providing solutions to numerous practical challenges. Their key
strength lies in their ability to obtain spatially resolved information, as an optical fibre or

cable can be positioned around an entire structure or volume to capture distributed mea-



surements. A typical distributed fibre sensing system consists of a sensing element-typically
an optical fibre, and an interrogator responsible for generating the optical probe signal and
analysing the scattered response within the fibre-based sensor [1, 4]. The ability of dis-
tributed sensors to perform localized measurements of physical parameters makes them a
highly effective tool for monitoring large-scale structures. Due to this capability, they offer
a promising alternative to conventional point-based sensor arrays, as a single optical fibre
can replace thousands of individual sensors, simplifying both the measurement setup and the
interrogation process [4—6]. The principle of distributed sensing relies on three primary types
of scattering that occur within an optical fibre-Rayleigh, Brillouin, and Raman scattering [1,
4, 7). The scattered light exhibits variations in characteristics such as amplitude, frequency,

and polarization, which are influenced by the physical parameters being monitored.

Distributed fibre sensors are used to measure the distribution of various parameters such
as temperature [8-15], stress and deformations [16-18], or vibro-acoustic properties [19-24] in
different objects. These sensors provide more comprehensive data than static measurements
like temperature or stress by also capturing the frequency of variations. The sound emitted
by an object or event, also known as its acoustic field or “sound image,” offers valuable

insights, as almost every event or phenomenon has a unique sound associated with it [25].

1.1 Distributed Acoustic Sensing (DAS)

Fibre-based Distributed Acoustic Sensors (DAS) are effective tools for analyzing these acous-
tic fields along the fibre’s length, essentially functioning as a distributed microphone. DAS
technology has been quickly commercialized and is used across various industries. One of
the most common applications of DAS is perimeter security [26-28], such as at airports [29],
railways [30], power plants, and other critical locations. Typical features of DAS security
systems include a fibre length of up to 100 km, fault detection accuracy within 10 m, a fre-
quency sensitivity range from 0.5 Hz to 20 kHz (depending on fibre length), and deformation
sensitivity under 1 ne. Another significant industrial application of DAS is in geophysics [31,
32]. This method, first introduced 13 years ago [33], has seen continuous growth in usage.
DAS is employed in seismic data acquisition, including vertical seismic profiling [34-37],
microseismic measurements [38, 39], and monitoring of hydraulic fracturing processes|[40—

42]. DAS systems can also be used for near-surface characterization of land and subsurface
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imaging in boreholes [43], offering an alternative to traditional geophones commonly used
in the industry. A key advantage of DAS over geophones is its larger dynamic range at low

frequencies.

Ongoing advancements in DAS systems have contributed to their growing popularity,
providing solutions for specific challenges. For example, DAS can monitor ocean and solid
earth phenomena in marine geophysics, as demonstrated by Hartog et al. [44]. Existing
subsea cables (dark fibres) can serve as the sensing elements in these applications, enabling
the tracking of sea-state dynamics during storm cycles. Additionally, DAS technology is used
to monitor crack formation in materials within buildings, structures, and vehicles. It can
measure distributed strains, deflections, and crack widths in reinforced concrete structures
[45, 46], aiding in the prevention of costly reconstructions and helping to optimize future

designs.

Thus, looking at the importance of DAS in the modern era of sensor physics and technol-
ogy, we take an innovative approach to its study. In this thesis, we delve into the potential
use of an ultra-stable, ultra-narrow linewidth continuous wave laser for DAS. Also, we are
interested in the core laser going through the fibre without relying on any scattering phe-
nomena. The layout of this is as follows: the introduction to DAS in Chapter 1. Chapter 2
gives the theoretical model used in the experiment design along with the signal processing
techniques and how acoustic vibrations get coupled to the laser. In chapter 3, we describe the
experimental setup and data processing techniques. This is followed by the chapter 4, where
we have simulated many experimental ideas to get a better view of our setup’s advantages.
Next, in chapter 5, we provide a detailed analysis of our system. Finally, in chapter 6, we
conclude the work with a comparison with other instruments and areas where our system is

applicable.



Chapter 2

Theory

2.1 Coupling of Acoustic Sources With Laser

Acoustic waves propagate through a dense medium by inducing pressure variations that cause
local particle displacements. These pressure variations manifest as density waves travelling
through the medium [47]. When an optical fibre is exposed to such an acoustic wave, it
experiences microscopic strain fluctuations due to the elastic properties of the fibre material

[48]. This strain alters the optical path length (OPL) in two primary ways:

1. Physical length change (AL): The strain induces small elongations or contractions

in the fibre length, modifying the effective propagation distance of light.

2. Refractive index change (An): The strain alters the refractive index due to the
photoelastic effect [49].

The total optical path length variation can be expressed as:

AOPL = (n + LZ—Z)AL + LAn, (2.1)

where n is the refractive index of the fiber, and L is its original length.
These perturbations in the OPL induce phase modulation of the laser propagating through
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the fibre. The phase change A® is given by:

AP = %WAOPL, (2.2)

Where A is the laser wavelength. Consequently, the frequency of the laser undergoes a

Doppler shift, given by:
Af—_Ld® (2.3)

21 dt
This effect enables acoustic perturbations to modulate the laser frequency and phase.
Since the information propagates along the fibre at the speed of light, optical fibres can serve
as sensitive detectors for acoustic disturbances in their surroundings. Such interactions are
exploited in distributed acoustic sensing (DAS) applications, where optical fibres detect and

localize acoustic events with high precision [4].

2.2 The Mathematical Model

We assume our source (S) to be sinusoidally vibrating with a monochromatic frequency fg
and localized at a fixed point X along the length of the fibre, and we devise a model to
retrieve the strength, frequency and location of the source. The schematic of the model is

depicted in figure 2.1.
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Figure 2.1: Schematic Model of Our DAS: In-loop path shown in green and out-of-loop path
shown in blue dashed lines.



We define two paths, in-loop: from source (S) to remote and from source to the lab to
remote, the green dashed path as can be viewed in figure 2.1, and out-of-loop: source to the
lab, the blue dashed line. The acoustic source, S of frequency fg, travels along the length of

the fibre and reaches the lab and remote where it can be detected.

We find the wave parameters (strength/ amplitude, frequency and phase) from the sine
waves detected at these two ends. Let the amplitude of the sine wave generated due to the
acoustic source be A, and the time the wave takes to propagate from S to lab is £, and from

S to remote, it is tg.

We have two sine waves meeting at remote, from source to remote: Asin 27 fs(t — tg) and
from source to the lab and looping back to remote: Asin 27 fs(t — (tg + 2t1)) (in-loop). And
one sine wave reaching the lab from S: Asin 27 fg(t — t1). Again, as the acoustic vibrations
are coupled to the laser, as discussed in section 2.1, and travelling at the speed of light, we

consider no decay in their amplitude due to propagation.

Thus, the combined wave that reaches the remote location is -
Asin2mfg(t —tr) + Asin 2w fs(t — (tg + 2t1)) (2.4)
Factoring out the common terms, we get:
2Asin 27 fo(t — (tr +t1)) cos (2w fstr) (2.5)
And the wave reaching the Lab is -
Asin 2w fo(t —tr) (2.6)

From equation 2.5, we get that the strength of the wave reaching the remote end is dou-

ble, and the term contains only one time-varying factor carrying the phase information:
sin 2 fs(t — (tr +t1))

Thus, the phase difference between waves equation 2.5 and equation 2.6 is given by:

Aqb = 27Tf5(t — tL) — 27Tf5(t —t— (tR + tL)) = 27TfStR (27)

Thus, finding A¢ indirectly gives us the time information ¢z and knowing that the wave



propagates through the fibre at the speed of light, Cfi., we can find the position of the
source X as follows -
X = Cfiber * tA (28)

Substituting for ¢4 in terms of A¢ from equation 2.7 we get:

Cfiber
X = A 2.
on . ¢ (2.9)

2.3 Signal Processing

Signal processing is one of the fundamental disciplines in engineering and physics that deals
with the analysis, manipulation, and transformation of signals. In the context of laser
frequency stability and noise analysis, signal processing techniques help in extracting mean-
ingful information from measured data. This section provides an overview of essential signal

processing techniques used in the analysis of frequency stability and noise characterization.

2.3.1 Fourier Transform and Spectral Analysis

The Fourier Transform (FT) [50] is a powerful mathematical tool that decomposes a signal

into its constituent frequencies. It is defined as:

X(f) = /_ (e gy, (2.10)

o0

The Discrete Fourier Transform (DFT) is commonly computed using the Fast Fourier Trans-
form (FFT) algorithm, which efficiently computes the transformation with a complexity of
O(NlogN).

Inverse Fourier Transform (IFT) is used to reconstruct a time-domain signal from its

frequency-domain representation:
() = / X(f)er I, (2.11)

FFT and IFFT are widely used in signal analysis, noise characterization, and filtering.
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2.3.2 Hilbert Transform and Signal Envelope

The Hilbert Transform is used to obtain the analytic signal, which provides information

about the instantaneous amplitude and phase of a signal. It is defined as:

H{x(t)} = % /_ T2y, (2.12)

ot — T

The analytic signal is then given by:
2(t) = x(t) + jH{z(t)}. (2.13)

This representation is useful in demodulation and phase analysis [51].

2.3.3 Phase Unwrapping

Phase unwrapping is a technique used to reconstruct the true phase of a signal when it is
wrapped within a principal interval, such as —m to m. The process ensures continuity in phase
measurements, particularly important in interferometry and spectral analysis [52]. By re-
solving phase ambiguities, unwrapping allows for extracting meaningful physical information
from wrapped phase data. Various algorithms, such as path-following and minimum-norm
methods, are employed to achieve robust unwrapping, depending on the noise level and
signal characteristics. Accurate phase unwrapping is crucial in applications like synthetic
aperture radar (SAR) imaging, optical metrology, and laser interferometry, where precise

phase information directly impacts measurement accuracy.

2.3.4 Gaussian Filtering

Gaussian filtering is a smoothing technique that applies a Gaussian kernel to a signal or

image. The Gaussian filter in one dimension is given by:

1 _t2
Glt) = e i (2.14)

This filter is widely used for noise reduction and signal smoothing [53].

10



2.3.5 Short-Time Fourier Transform and Spectrograms

The Short-Time Fourier Transform (STFT) extends the Fourier Transform by analyzing

localized sections of a signal, providing a time-frequency representation. It is defined as:

X(t, f) = /OO z(T)w(r — t)e 7?7 dr, (2.15)

o0

where w(7) is a window function. The STFT is used to generate spectrograms and waterfall

diagrams, visualizing how the frequency content of a signal evolves over time [54].
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Chapter 3

Experiment

3.1 Experimental setup

From the mathematical model discussed in section 2.2, we have to retrieve the in-loop and
out-of-loop sine waves for an acoustic source present along the length of the fibre with our

experimental setup.

The experimental setup consists of two major components - the phase-coherent optical
fibre link (fibre noise cancellation (FNC) setup) and the optical-fibre network between the
lab and the remote location, as can be viewed in figure 2.1 and figure 3.1. An ultra-stable ~
1 Hz linewidth laser (Hz-laser) at 1550 nm wavelength is used both as an interrogator source
to the optical fibre (coupling with acoustic disturbance) and the reference source. The laser
output is split into a 90:10 ratio; the 10% light propagates through a 1m fibre and is used
as the nearly unperturbed frequency reference. The 90% light passes through the whole
length of the fibre network, through AOM 1 to the remote site and again returning to the
lab through AOM 2. Both the AOMs are fibre coupled attached to the fibre network and
operate at 20 MHz centre frequency with + 1 MHz bandwidth.

The 90% light going through the AOM 1 is center-shifted by —20 MHz and goes to the
remote site and then comes back to the lab through AOM 2, where it is again center-shifted
by —20MHz and a beat-note of 40 MHz is formed at the coupler 4 (Cpl. 4) with the 10%
reference source and is passed to the photodiode (PD) 2 t through the isolator (Iso.) 2

12



(carrying the out-of-loop information). At Cpl. 3, the Faraday-mirror (FM) 3 is placed
to reflect the incoming light through the whole optical-fiber path again, thus again getting
center-shifted twice at AOM 2 and AOM 1 respectively. Therefore, at Cpl. 1, we get a beat-
note of 80 MHz between the laser light reflected from FM 1 (the reference) and centre-shifted
laser coming back through the fibre, which is then passed to PD 1 through Iso. 1 (carrying
in-loop information). Optical isolators Iso. 1 and Iso. 2 suppress unwanted reflection of
photons, reducing the possibility of forming any unwanted optical resonator in the optical-

fibre network.
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Figure 3.1: Experimental setup: Showing the components and optical-fiber network. Here
Iso.: Isolator, Cpl.: Coupler, FM: Faraday Mirror, PD: Photodiode, AOM: Acousto-optic
modulator.

The two beat notes detected by the photodiodes are converted to an electrical signal and
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recorded by a data-acquisition system (DAQ). For our experiment, we used two instruments
to record the data. One is an oscilloscope, which can provide us with short-term high-
resolution dense time-series data, and another one is a precision frequency counter (K+K
counter), which can provide us with long term data with a limitation of sampling frequency

maximum upto 1kHz.

3.2 Data Processing

We depict the data processing algorithm through a flowchart in figure 3.2.

Record beatnotes (40 MHz, 80 MHz)

|

Perform FFT (Frequency Domain Analysis)

|

Select peaks above threshold

|

Apply Gaussian filter around peak

|

Perform Inverse FFT (Reconstruct Time Signal)

|

Hilbert Transform (Instantaneous Phase)

|

Compute Phase Difference A®

|

Average A® to Estimate Source Position

Figure 3.2: Flow chart showing the data processing algorithm.

We record two beat notes, one around 40 MHz and another around 80 MHz, using the

photodiodes at the lab and a precision frequency counter (K+K counter) at a sampling rate
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of 1000 Hz, as can be shown in figure 3.3.
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Figure 3.3: Recorded data (the centre frequency 40 MHz and 80 MHz are subtracted).
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Figure 3.7: The phase-difference captured in the time domain.

We perform a fast Fourier transform (FFT) for both the time series (figure 3.3) and get
the frequency domain information as shown in figure 3.4. We then select peaks above a
certain threshold (amplitude value [Hz]) as shown in the inset of figure 3.4. Then, we put a
Gaussian filter around one of the peaks for both the FFT data as shown in figure 3.5. Then,
we perform an inverse Fourier transform (IFFT) and get the real part to reconstruct the
acoustic source characteristics over time, as shown in figure 3.6. Finally, a Hilbert transform
of the data gives us the instantaneous phase information, and a difference between them is
shown in figure 3.7, which is our desired A® monitored over time. Finally, we take an average
value of the phase difference array and use it to find the position of the source according to
equation 2.9. All data processing is performed using Python with the help of the following
libraries: NumPy [55], SciPy [56], Pandas [57], and Matplotlib [58].

For the purpose of validation that we can locate and obtain the strength of an acoustic
source, we have used a speaker (Bluetooth speaker as shown in the figure 3.1, with fibre
wrapped around it), which acts as a frequency source capable of generating frequencies from
20Hz to 20000 Hz and we have coiled optical fibre around it and kept it in the lab at a
known position. To obtain the strength of the source, we used an accelerometer to validate

our results.
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Chapter 4

Simulations

4.1 Laser Stability & Laser Drift

The primary purpose of simulating an ultra-stable laser is to check what would happen if we
used unstable lasers in the market with a broad linewidth. In figure 4.1a, we have simulated
five lasers that have no drift in the centre frequency over time but differ in their linewidth
and the fractional overlapping deviation (considering a 1550 nm laser) shows the stability of
the laser frequency over time. This simulation gives us an idea of how much the position-
localization error depends on the stability alone. The plot in orange (figure 4.1b) represents
the laser we used in our experiment. Figure 4.1b shows the position resolution we can achieve
using various laser stabilities. The plot in magenta in figure 4.1b is an experimentally derived

result that shows how well our data matches the simulation.

Next, we simulate an ultra-stable laser with various drift rates to check the dependence
of laser drift on position resolution for our experiment. In figure 4.2a, the blue plot shows
the fractional overlapping deviation for an ultra-stable laser with no drift in the centre
frequency. The orange plot represents a drift of 1 mHz/s, followed by green with a drift of
10 mHz/s, then red with drift 30 mHz/s, purple with drift 100 mHz /s and finally brown with
drift 1000 mHz/s. A drift rate of 30 mHz/s represents the drift similar to the laser used in
our experiment. Figure 4.2b shows that all the simulated results overlap, showing that the
position resolution is independent of constant laser drift. The plot in magenta again shows

the data corresponding to our experimental result.
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Figure 4.1: Simulating laser instability (a) and the various positions resolutions achieved
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Figure 4.2: Simulating laser drift (a) and the various positions resolutions achieved using
them (b).
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4.2 Source strength
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Figure 4.3: Position resolution corresponding to various source strengths.

Here, we are simulating various acoustic source strengths and trying to get an estimate of
how fast we can localize the source. In figure 4.3, we simulate source strengths that are
capable of producing frequency offset/excursion of 1Hz, 10 Hz, 100 Hz, 1kHz, 10kHz and
100kHz to the core laser frequency and see their position localization over time/number

of samples. The simulation shows that strong sources can be localized faster with higher
accuracy.

Thus, the three simulations highlight the various characteristics of the laser and the
source that can affect the position localization process. These simulations also ensure that

an ultra-stable laser is necessary for performing DAS with core laser signal.
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Chapter 5

Results

5.1 Monitoring Frequency Over Time

As discussed in chapter 3, performing an FFT analysis gives us the frequency components.
As we increase the number of samples used for calculating the FFT, the spectral resolution
in the frequency domain improves. This is depicted in figure 5.1, where with an increasing
number of samples, the frequency of 36 Hz produced by the speaker gets resolved. We find
that the frequency produced by the speaker has an uncertainty in the milli-hertz (mHz)
region as it is viewed that the measurement error saturates at approximately 1 mHz when

we program the speaker to produce 36 Hz, shown as blue dots in figure 5.1.

We added a 36 Hz frequency numerically to background laser data when the speaker was
turned off, once with monochromatic frequency (shown in connected red circles in figure
5.1) and another time with 36 Hz having mHz uncertainty (shown in connected blue circles
in figure 5.1). This result suggests our system can accurately resolve an acoustic source’s
frequency. Also, we find that the signal-to-noise ratio improves as we increase the number
of samples to resolve the frequency, shown for speaker produced 36 Hz (in green dots) and

numerical added 36 Hz (shown as connected green boxes) in figure 5.1.

Thus, if we can resolve the frequency of an acoustic source, we can also monitor the
frequencies interacting with the fibre over time. This can be done by taking a small portion

of the data, performing FFT on it, and stacking them over time to get a spectrogram, as
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shown in figure 5.2. We look at 100 s and perform the FFT. We get a frequency resolution of

0.01 Hz in the frequency axis. So two frequencies can be resolved if they differ by >= 0.01 Hz.

Thus, if we make a tradeoff between frequency resolution and time resolution, we can monitor

different frequency sources over time, as shown in the spectrogram (water-fall diagram) in

figure 5.2. Here, the 11 horizontal lines from 31 Hz to 41 Hz are acoustic frequencies we give

to the system using a speaker.
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Figure 5.1: Frequency resolution of an acoustic source.

The Spectrogram in figure 5.2 shows frequencies monitored over one day while the fre-

quencies produced by the speaker were turned on. The spectrograms in figure 5.3 and figure

5.4 show all the frequencies interacting with the optical fibre over 24 hours on two different

days.
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Figure 5.2: Spectrogram: Monitoring interacting frequency sources over time.
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Figure 5.3: 24 Hrs spectrogram (speaker turned-off) on September 7, 2024.
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Figure 5.4: 24 Hrs spectrogram (speaker turned-off) on September 8, 2024.

5.2 Estimating the strength of a disturbance

From the FFT analysis, we can find the corresponding frequency excursion from the centre
frequency of the 40 MHz beat note caused by an acoustic source. This excursion can give
us an estimate of the strength of the source. This amplitude excursion directly corresponds
to the strain change caused, which in turn can give us the length change of the fibre. The
length change can be correlated to the displacement of the particles near the optical fibre,
which can be translated to their velocities and is termed peak-particle-velocity (PPV). We
can thus calculate this value and validate it using an accelerometer as shown in figure 5.5a.
This leads us to find the noise floor for our DAS system over the currently deployed fibre,
which is given in figure 5.5. The noise-floor plot suggests that our system is sensitive to

the nm/s level of PPV values in the low-frequency regions. This is an important indication

showing that we can detect faint micro-seismic vibrations using our system.
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5.3 Locating a disturbance
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Figure 5.6: Acoustic source frequencies and their positions.

We can detect the frequencies the speaker produces with the best accuracy of £5m and
an average accuracy of £(10 — 14) m. This is depicted in figure 5.6, where the frequencies
produced by the speaker are present in the light green band (31 to 41 Hz), and a few of the
other frequency sources are also shown. The error bars do not show the position accuracy.
Rather, they represent the interaction length with the optical fibre. Multiple chunks of
221 samples were processed to find the locations for a particular frequency, and the mean
positions were collected. The error bars show the shift in the mean position, which tells us
that the frequency source is not localized at a single point along the fibre but interacts with

the optical fibre over a certain interaction length.
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Figure 5.7: Position resolution over the number of samples and the strength of the acoustic
source. Acoustic source: Frequencies produced by the speaker.
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The frequencies produced by the speaker are localized over an interaction length of 5m
coil wrapped around the speaker. We then try to estimate the number of samples required
to localize a source to the strength of the acoustic source. This can be visualized in the
figure 5.7.
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Figure 5.9: Decay of a 150 Hz pulsed acoustic source. The area in purple shows the end of
a pulse, and the red line shows the fitted decay of the pulse with 7=0.5 ms.

Among the various sources for position accuracy, we can consider that the decay of
acoustic source strength along the length of the fibre material can lead to position inaccuracy
even when the source is localized to a single point. This can be confirmed by the plot 5.9,
which shows the amplitude decay of a 150 Hz acoustic pulsed source. The decay time constant
of 7 = 0.5 ms corresponds to a travel length of 1 m from the source by an acoustic disturbance

while decaying to 1/e of the original strength.
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Chapter 6

Conclusion

The research presented in this thesis has demonstrated the ability to monitor the frequency
of an acoustic source interacting with optical fibres. By leveraging an ultra-stable laser-
based distributed acoustic sensing system (u/DAS), we have achieved remarkable sensitivity
in detecting even the weakest vibrations and accurately locating their sources. Our system
exhibits a position resolution that competes with some of the most advanced instruments

used in industry and laboratory settings, as illustrated in Figure 6.1.
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Figure 6.1: Position resolution of Our system (u/DAS) with various industry and lab-based
instruments.
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Beyond its immediate capabilities, ulDAS holds great promise as a calibration instrument
for accelerometers, offering an unprecedented level of precision. One of its most critical appli-
cations lies in gravitational wave detection, where our system can contribute validation data
to better understand and mitigate seismic and acoustic vibrations affecting interferometer
arms. The ability to distinguish between environmental noise and true gravitational wave

signals is crucial for enhancing the sensitivity of these detectors.

Moreover, the distributed nature of u/DAS introduces a wide array of applications:

e Early Warning Systems: By continuously monitoring seismic noise, our system
can provide early warnings for natural calamities such as earthquakes, tsunamis, and
volcanic eruptions. Differentiating abnormal seismic activity from background noise

can significantly improve disaster preparedness and response.

e Surveillance and Strategic Navigation: Underground and deep-sea seismic mon-
itoring are traditionally outside the reach of satellite-based imaging. Our system can
provide critical insights into seismic activity in these inaccessible regions, offering a
reliable alternative to satellite-dependent navigation—particularly in situations where

satellite signals might be jammed or unavailable.

e Structural Health Monitoring: The ability to detect minute vibrations and struc-
tural instabilities makes u/DAS an invaluable tool for monitoring infrastructure such
as bridges, flyovers, and railway tracks. Early detection of cracks and weaknesses can

prevent catastrophic failures, ensuring public safety.

e Geological Data Collection and AI Integration: The fibre-based distributed
sensors can continuously monitor seismic vibrations and temperature variations over
extended periods and large geographic areas. This extensive data collection can con-
tribute to geological research and be leveraged for Al and machine learning applications

to enhance predictive models and automated analysis [59].

The potential of ulDAS extends far beyond the laboratory. Its integration into real-world
applications could revolutionize fields ranging from disaster prevention to space exploration.
The foundation laid in this work paves the way for further advancements in distributed
acoustic sensing, ensuring that this technology continues to evolve and address some of the

most pressing scientific and societal challenges of our time.
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