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Abstract: This paper presents a statistical model for distributed acoustic sensor interrogation units that utilizes laser
pulses transmitted into fiber optics. Interactions within the fiber lead to localized acoustic energy, resulting in
backscatter, which is a reflection of the light. Explicit equations were used to calculate the amplitudes and phases of
backscattered signals. The proposed model accurately predicts the amplitude signal spectrum and autocorrelation,
aligning well with experimental observations. This study also explores the phase signal characteristics relevant to
optical time-domain reflectometry (OTDR) system sensing applications, demonstrating consistency with the
experimental results. The experiments were conducted using Python coding, enabling the analysis of the individual
components of the Distributed Acoustic Sensing (DAS) system.

The assumptions of the model include the static condition of the fiber, implying the absence of external forces or
vibrations. Consequently, no external acoustic disturbances were considered. The backscattered signal comprises a
random noise component resulting from intrinsic fiber imperfections, and a coherent component arising from the
interplay between the laser pulse and the fiber.

Keywords: distributed acoustic sensing, fiber optics, optical time-domain reflectometry, Rayleigh scattering.

Introduction

Distributed Acoustic Sensing (DAS) is a technology that employs fiber-optic cables to identify and localize acoustic
signals across an entire cable length. The basic principle of a DAS involves transmitting a laser pulse to a fiber-optic
cable and interacting with it to generate backscattered signals. These signals contain information regarding the
acoustic energy absorbed by the fiber, and can be used to detect and locate acoustic events [1], such as vibrations or
sound waves.

The DAS signal model under static fiber conditions describes the characteristics of backscattered signals generated
in a fiber-optic cable when no acoustic disturbances are present. This model assumes that the fiber is in a static
condition, that is, no external force or vibration is applied to the cable. Under these conditions, the backscattered
signal consists of a random noise component [2] caused by the intrinsic imperfections of the fiber and a coherent
component resulting from the laser pulse interacting with the fiber. The coherent component of the signal can be
further divided into amplitude and phase components, which can be mathematically modeled using explicit equations
[4]. The amplitude component represents the signal strength, and the phase component represents the signal timing.
By analyzing these components, predictions can be made regarding the signal spectrum and autocorrelation
characteristics. Overall, the DAS signal model under static fiber conditions provides a foundation for understanding
the behavior of fiber-optic cables and their interaction with laser pulses [3], which is essential for developing and
optimizing the DAS technology.

The term 'dynamic' refers to elements that can change or be altered during the program's execution, while 'static' refers
to something that is fixed or unchanging during the program's execution [5]. In this study, we focused on a static
model.
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In this study, we discuss the following points:
1. Coherent narrow band laser source
Acousto-Optic modulator (AOM)
Erbium-Doped Fiber Amplifier (EDFA)
Propagation of light in single-mode fiber
Phase-based optical time domain reflectometry system
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Figure 1 provides a concise and clear overview of the DAS architecture, helping us to understand how different
components interact and contribute to the circuit. This circuit was used to simulate each stage of the signal model for
analysis.
1. Coherent narrowband laser sources

To simulate a coherent source with a wavelength of 1550 nm [6], we must use the equation for an optical wave
because it is an electromagnetic wave. The coherent source equation for an optical wave is generally expressed as a
complex phasor representation of the electric field. Here's the equation:
E(t) = E,.cos(2nft + ¢) ----------=-m-m-m---- (1.1)
In the given expression, where E (t) represents the electric field amplitude at time t, E, is the peak electric field
amplitude associated with the optical power of the laser, f denotes the optical frequency in Hertz, t is the time variable
measured in seconds, ¢ represents the phase angle of the optical wave in radians.

The optical power P of the laser in watts is related to the electric field E,, using the following equation:

P = %soanlEol2 ———————————————— (1.2)

In the provided context, where &,- (approximately 8.854x10—128.854x10—12 F/m), ¢ - (approximately 3x1083x108
m/s), n is the refractive index of the laser medium (assumed to be constant at the center wavelength).

We calculate the electric field amplitude E, by assuming a constant refractive index at the center wavelength and
arbitrary cross-sectional area [7]. Subsequently, we generated coherent optical waveforms for both the minimum and
maximum power levels, and plotted those using Python's built-in plotting function.
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Figure 1.1 : Electric field waveform
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Figure 1.2: Gaussian waveform model
2. Acousto-Optic Modulator (AOM)

An Acousto-Optic Modulator (AOM) is a device that uses an acousto-optic effect to modulate optical signals. The
refractive index of a material is modulated by the passage of an acoustic wave through the material. In AOM, an
acoustic wave is generated and propagated through a material, typically a crystal, by applying a Radio Frequency
(RF) signal to a piezoelectric transducer [8]. This acoustic wave interacts with the optical beam passing through the
crystal, leading to changes in the properties of the beam, such as intensity, phase, or frequency. The AOM output
waveform model depends on the specific type of designed modulation. Below are the two common modulation types
and their respective equations.

In intensity modulation using an acousto-optic modulator (AOM), the application of a radio-frequency (RF) signal to
the piezoelectric transducer initiates an acoustic wave within the crystal. This acoustic wave induces changes in the
refractive index of the crystal, leading to alterations in the optical beam intensity as it propagates through the crystal.

The modulation depth of intensity (Al/Io) is quantified by the following equation:

£= m.Ppp mmemmmemmemmeeeeee (21)

Iy
Where: Al / lo = Relative intensity change (dimensionless) m = Modulation constant (change in intensity per unit RF
power) Prr = RF power applied to the AOM

Phase Modulation: In phase modulation using an AOM, the RF signal generates an acoustic wave that imparts a phase
shift to the optical beam. The phase shift (A®) was directly proportional to the RF frequency applied to the AOM and
the distance covered by the acoustic wave within the crystal. The phase modulation can be described using the
following equation:

AD =21 - fRF-d/v ------m-mmmmmmmme- (2.2)
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where A® = Phase shift induced by the AOM (rad), fRF is the RF frequency applied to the AOM (Hz), d is the
distance traveled by the acoustic wave inside the crystal (m), and v is the acoustic velocity in the crystal (m/s).
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Figure 2.1: Acousto-Optic Modulator output signal diagram
3. Erbium-Doped Fiber Amplifier (EDFA):
An Erbium-Doped Fiber Amplifier (EDFA) is an optical fiber doped with Erbium ions. When pumped with an
external light source, typically at wavelengths of 980 or 1550 nm, erbium ions become excited and amplify the optical
signals passing through the doped fiber. Consequently, an EDFA can boost signal power without requiring electrical-
to-optical conversion [9].
The amplification process in an EDFA is described by the following equation.
Pout = G * Py (3.1)
Where P,,,; is the output optical power after amplification and G is the gain of the EDFA, which represents the ratio
of the output power to the input power.
The gain (G) of an EDFA is generally expressed in decibels (dB) and can be calculated as:
G(dB) = 10 * log10(Pyy: ! Py)  -—---—--- (3.2)
EDFAs can achieve high gain levels, typically ranging from 20 to 30 dB or more. The gain is relatively constant over
a wide range of input power levels, making EDFAs well suited for boosting optical signals in long-distance fiber-
optic communication.

4. Propagation of light in single mode fiber
4.1. Rayleigh scattering of light in a single-mode fiber

When light interacts with small particles or irregularities in a medium, it scatters in several manners. In single-
mode optical fibers, Rayleigh scattering refers to the scattering of light caused by tiny fluctuations in the refractive
index of the fiber core material. These fluctuations are typically caused by variations in the molecular density or
impurities in the glass structure [10]. The intensity of the Rayleigh scattered light can be described by the Rayleigh
scattering equation:
1) =1« (A/ (4 *m*n * d)? * (1 + cos%0) -------------- 4.1)
Rayleigh Scattering Loss (attenuation) Equation: The loss due to Rayleigh scattering in an optical fiber can be
described by the following equation:

2
g = (nme)‘* (n,%ore—n?zad) n@/v) (4.2)
R 3\ 4 2Mcore Aeff '
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where oR is the Rayleigh scattering loss per unit length in decibels per meter (dB/m) and V is the normalized
frequency (V-number) of the fiber, defined as V=2za/A-n ..., Where a is the radius of the fiber core and n.,,. is the
refractive index of the core. A, is the effective mode area of the fiber mode in square meters [11]. This represents

the area over which the guided mode is distributed within the fiber.

4.2. The model for light scattering in a single-mode fiber under coherent radiation is introduced into the
simulation as follows:

Coherent Source and Scattering: When employing a coherent source, such as a laser, the scattering phenomenon
within a single-mode fiber (SMF) can be conceptualized as the combined effect of scatterers randomly distributed
along the length of the fiber. It is important to note that in this scenario, no spatial correlation exists between scatterers.
This lack of spatial correlation contributes to the overall understanding of the cumulative scattering behavior within
the SMF. In other words, each scatterer acts independently of the others [11].

Impulse Response: The impulse response of the system, denoted as h(t), describes the response of the fiber to a short
pulse of light. It is the sum of all scatterers (indexed by n), and is represented by the following equation:

h(t) = 9’1:1 aRS(Tn)B(Tn)A(Tn) exp[—Vngaa]Mt - Tn) """"""" (43)

Simplification: The first three terms of the impulse response (Equation 4.3) can often be combined into a single term,
represented as:

h(t) = Zg=1 a(ty,) exP[_V:anaa]S(t = Tp) === (4.4)

Stochastic Model and Speckle: The simplified equation (Equation 4.4) describes a stochastic model, similar to the
phenomena of speckle. In this model, scatterers are considered complex Gaussian random variables with circular
symmetry (CCRV), which exhibit circular symmetry and follow a Gaussian distribution in a random fashion, a
simplification that streamlines the analysis.

Spatial Distribution: The scatterer positions in the fiber are assumed to follow a random uniform distribution, meaning
that they are randomly distributed along the length of the fiber.

Power Spectral Density: The random uniform distribution of scatterers within the single-mode fiber facilitates the
application of a relevant theorem for calculating the power spectral density of the light diffusion received from the
random mode, as described in Equation 4.4.

This paper describes a light-scattering model in an SMF illuminated by a coherent source. It considers scatterers that
are randomly distributed in the fiber, with each contributing independently to the impulse response. The model is
stochastic in nature, similar to speckle phenomena, and enables the calculation of the power spectral density based on
the random distribution of scatterers.

5. Phase based optical time domain reflectometry system

Phase-optical time-domain reflectometry encompasses the evaluation of both the intensity and phase of backscattered
light, and is characterized in relation to both the time and distance within an optical fiber.

Phase of the Backscattered Signal: The phase of the backscattered signal at a given time (t) and distance (z) from
the OTDR launch point is given by

phase(t,z) = 2m. n.% + 2m. An.t_TZ ------------- (5.1)

where n is (assumed constant). ¢ (approximately 3x10"8 m/s). An is the refractive index perturbation (change in
refractive index) at distance z from the launch point of the OTDR.
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Figure 5.1 : Phase of the Backscattered signal

Intensity of the Backscattered Signal: The intensity of the backscattered signal at a given time (t) and distance (z)
from the OTDR launch point is proportional to the square of the magnitude of the backscattered electric field [12]. It
is given by:

intensity(t,z) = |[E(t,2)|?  -------m-mmmmmm- (5.2)

where E(t, z) is the electric field of the backscattered signal at time t and distance z from the launch point of OTDR.
The electric field E(t, z) can be calculated as the sum of all the backscattered waves at different points along the fiber,
each with different amplitudes and phases, depending on the refractive index variations.
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Figure 5.2: Intensity of the Backscattered Signal Spatial resolution of phase OTDR
In optical time-domain reflectometry (OTDR), the spatial resolution pertains to the system's capability to differentiate
between two closely spaced events (reflections or backscatter) along the length of the fiber. This establishes the
minimum separation between the two events that the Optical Time-Domain Reflectometer (OTDR) can distinguish.
The spatial resolution is influenced by the pulse width of the probing signal used in the OTDR measurements. The
spatial resolution, denoted as Az, is given by formula:
Vg

AZS = T """""""""" (53)
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Figure 5.3: Spatial resolution of the signal
Sensing range and repetition rate of a phase — OTDR
Sensing Range: The sensing range of a phase-OTDR system refers to the distance over which the system can detect
and analyze changes in fiber properties. They can vary from relatively short distances (hundreds of meters) to
considerably long distances (over 100 km). The total sensing range depends on the Signal-to-Noise Ratio (SNR) of
the system.
SNR and the factors affecting it: The SNR in a phase-OTDR system is a crucial factor that determines the ability
of the system to distinguish between a weak backscattered signal and noise. This is influenced by various factors,
including the following [13].
Pulse Energy: The energy of the probing pulse affects the amount of backscattered signal that is detected. A higher
pulse energy can improve the SNR; however, there are practical limitations owing to nonlinear effects such as self-
phase modulation.
Fiber Attenuation Coefficient: The Attenuation of the fiber causes the backscattered signal to weaken as it travels
along the fiber. A lower attenuation results in a stronger backscattered signal and a better SNR.
Wavelength: The wavelength of the probing signal can also affect the SNR, and certain wavelengths are suitable for
specific applications.
Fiber Attenuation Coefficient: The Attenuation of the fiber causes the backscattered signal to weaken as it travels
along the fiber. A lower attenuation results in a stronger backscattered signal and a better SNR.
Wavelength: The wavelength of the probing signal can also affect the SNR, and certain wavelengths are suitable for
specific applications.
Detection Method and Sensing Range: The detection method used in the phase-OTDR system affects the maximum
sensing range. Coherent detection methods offer a higher SNR compared to direct detection but require a light source
with higher coherence properties. The coherence length of the light source must exceed twice the maximum sensing
distance to ensure correct demodulation of the backscattered signal.
Repetition Rate and Impact on Detection: The maximum repetition rate, denoted as Ty, is determined by the round-
trip travel time of the probe pulse, fiber length (L), and group velocity (v,9) of light in the fiber. This is represented
by the following equation:
TR _ 2L+Wp

v (5.4)

Repetition rates, such as vibrations, are crucial for detecting periodic events in fibers. The acquisition frequency of
traces dictates the upper limit of the detectable external event frequencies.

Simulating the backscattered light resulting from the propagation of a pulse through a SMF, the primary objective of

the simulator is to mimic the laser pulse's journey within the examined fiber and calculate the backscattered field
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detected by a coherent receiver (OTDR). This method, known as rapid time acquisition, involves gathering the
intensity of backscattered light throughout the fiber length. To enhance the feasibility of the simulation and ease of
computation, several simplifications are introduced into the model.
Neglecting polarization effects: This model does not consider the impact of polarization fading, which can occur in
coherent-phase OTDR systems. This simplification helps reduce the complexity of the simulation.
Ignoring the pulse-shape effects: The model accepts a rectangular pulse shape and disregards the effects of different
pulse shapes on the system. The utilization of a rectangular pulse shape is widespread, owing to its simplicity in
manufacturing.
Assuming ideal electronics: The model assumes that electronic components, such as the analog-to-digital converter
(ADC), work perfectly without any noise or non-ideal characteristics.
By incorporating these simplifications, the simulation becomes more manageable, although it may not accurately
capture all the real-world effects.
During the simulation, two distinct factors—laser segment noise and laser flow—were considered to obtain more
accurate results.
Calculation of the Detected Intensity
The computation of the detected intensity requires the determination of the number of scatterers, denoted as N, within
the probing pulse at a specific time instant t.

ﬁ;’\l’ a[nlexp(—2a,z[n])cos(2rAv[n]t — 2nv[n]t, + 9,[n])
Av[n] = Avgg + Avg[n]
v[n] = v, + Avgy[n]
The laser phase term in Equation 9, [n] represents phase noise. Process for calculating the intensity term in the
simulation [14]. The intensity was then demodulated back to the baseband using I/Q demodulation once in the
baseband and the intensity was filtered using an (LPF) in the simulation.

A low-pass filter (LPF) was configured with a bandwidth exceeding 40% of the probe pulse bandwidth. This
bandwidth adjustment is considered optimal for phase-OTDR systems employing rectangular probe pulses. By
filtering the intensity with this LPF, the simulation aims to achieve the desired signal processing and optimize system
performance.

Phase Extraction and Unwarping

When the In-phase and Quadrature phase signals were filtered to extract relevant information, the phase of the signal
was computed. This phase computation involves determining the phase angle of the complex signal formed by
combining In-phase and Quadrature phase components.

Mathematically, the phase ¢ (t) of the complex signal is given by

¢(t) =atan2 (%) --------------- (5.5)
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The main issue is associated with the particular technique. This problem arises when noise is present in in-phase (1)
and quadrature phase (Q) measurements, which can lead to errors in the phase-unwrapping algorithm. Specifically, if
the true range is close to, then the algorithm may incorrectly assign a phase of £2x. This erroneous assignment can
result in significant differences in the development of the phase terms over time during fast acquisition.

Phase unwrapping error:

In this example, we demonstrate a scenario in which a phase-unwrapping error occurs owing to the presence of phase
noise. This situation involved the analysis of two consecutively acquired backscatter traces from a simulation.

In the figure, the initial trace illustrates the phase values between two data points with a difference smaller than ,
whereas the 2nd trace demonstrates a phase difference exceeding m. This difference in the phase between these two
traces is a direct result of the phase noise present in the simulation.

The top figure shows the resulting traces when a phase-unwrapping procedure was applied to the data. Here, a phase
difference of approximately 27 is introduced because of the unwrapping process. This demonstrates how phase noise
and the unwrapping algorithm can lead to substantial variations in phase measurements between consecutive traces.
In summary, phase unwrapping errors can arise when the phase differences between consecutive data points are
affected by phase noise. This can introduce significant variations in the measured phase values, leading to challenges
in accurately interpreting phase information in certain scenarios.

The detection of alterations in the measured phase of a light pulse is limited to the duration during which the light
pulse traverses a perturbed segment of the fiber [15]. The time at which the perturbed section was illuminated
determined the total duration during which the phase changes could be observed and measured.

The time interval during which the perturbed section is subjected to the incident light from the laser pulse used in the
phase-OTDR system,

T, = L) (5.6)

Vg

From equation (5.6) we write

R (5.7)

Presuming that the fiber experiences sinusoidal strain at a frequency f,

Ap = 2TEn‘ssLsin(anTL) (5.8)

Backscatter Trace Phase Differential Analysis

Laser phase noise can significantly affect the performance of optical systems with long fibers. To address this issue,
the phase-differential method is commonly employed as a mitigation technique. This method leverages the Gaussian
white noise nature of laser phase noise and effectively reduces its influence through averaging [16].

The phase-differential method works by averaging multiple backscatter traces. At each spatial location along the fiber,
the system acquires a certain number of traces (N) and averages them. Thus, the random fluctuations caused by the
laser phase noise were smoothed out, leading to a reduction in noise and an improvement in the accuracy of the phase
measurements.

However, tradeoffs are associated with this approach. As the system averaged over N traces at each spatial location,
the effective slow-time acquisition rate decreased. This implies that more time is required to gather the required
number of traces for each location, potentially affecting the ability of the system to capture time-varying phenomena
rapidly along the fiber.

Furthermore, the extreme measurable frequency of the system is affected by the averaging process. By averaging
multiple traces, the sensitivity of the system to high-frequency events is reduced, limiting its ability to detect rapid
changes in the fiber properties.

Despite these trade-offs, the phase differential method offers valuable benefits. It effectively mitigates the laser phase
noise by averaging, while maintaining the system's capability to detect events with higher frequencies. However, the
application of this method results in a trade-off in terms of the compact spatial resolution. To utilize the phase
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differential method, the fiber segment between points A and B was partitioned into smaller subsections with a length
increment ofAz. Within each subsection, the system averages the phase values from multiple acquired traces, resulting
in a more reliable representation of the phase behavior along the fiber.

B A

o il
o

00))) IS

J:L

Figure 5.5: Segmentation of sections within optical fibers

Differential Averaging involves calculating the phase disparity between two spatial points, denoted as A and B, along
the optical fiber. The phase difference 6, z(t), at time t was determined using Equation (5.9).

i=1—(A-B)/2 \9i(©)=9(t) )(A-B)
9450 = Soraiaenmy iy 4P afmv) (5.9)

The effectiveness of the Differential Averaging method in reducing noise is influenced by the decision regarding the
sub-separation distances denoted as "i" and "j" significantly influences the overall outcome. Slighter partings between
i and j generally result in higher accuracy, because averaging involves nearby data points. However, smaller
separations also lead to more overlap between the computed subsections where averaging occurs. This overlap reduces
the effectiveness of noise suppression because it introduces partial dependence between the computed subsections,
thereby affecting the noise reduction capability of the method.

The figure 5.6 demonstrates how the choice of i and j affects the accuracy and noise reduction capabilities of the
Differential Averaging method. Properly selecting the sub-separation distances is essential to strike a balance between
accuracy and noise reduction in the phase measurements. Larger separations provide more independence between
sub-sections but may sacrifice some accuracy, whereas smaller separations offer higher accuracy but may suffer from
overlapping and reduced noise suppression effectiveness.

Amplitude of OTDR Output Signal
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Figure 5.6: Amplitude of the output waveform
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Figure 5.7: Phase of the output waveform
Conclusion: In this study, a statistical model for distributed acoustic sensor (DAS) interrogation units that employs
fiber-optic cables and laser pulses for acoustic signal detection is proposed and examined. The model focuses on
understanding the characteristics of backscattered signals generated in a fiber-optic cable under static conditions,
where no external acoustic disturbances are present.
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The key components of the model were the coherent components of the backscattered signals, namely, the amplitude
and phase. Explicit equations were used to mathematically represent these components, providing a foundation for
understanding the behavior of fiber-optic cables and their interactions with the laser pulses.

The amplitude component of the backscattered signal represents the strength of the signal, whereas the phase
component indicates timing. By analyzing these components, we were able to make predictions regarding the signal
spectrum and autocorrelation characteristics.

The experimental validation was performed using Python coding, and the model predictions were found to be in good
agreement with the experimental findings. This confirms the accuracy and efficacy of the proposed model for DAS
signal interrogation.

This study explored various components essential for Distributed Acoustic Sensing (DAS) systems. This includes an
in-depth discussion of the coherent narrowband laser source, acoustic—optic modulator, Erbium-Doped Fiber
Amplifier (EDFA), and dynamics of light propagation in a single-mode fiber. Additionally, a thorough examination
of the phase-based optical time-domain reflectometry (OTDR) system was conducted with a particular focus on its
applications in sensing.

Overall, this study contributes significantly to the advancement of the DAS technology. The developed statistical
model allows for a better understanding of the behavior of fiber-optic cables under static conditions and provides
valuable insights for optimizing and improving DAS systems. As Distributed Acoustic Sensing (DAS) continues to
find applications in diverse fields such as structural health monitoring, security, and geophysical exploration, the
findings of this model will be instrumental in enhancing the overall efficiency and accuracy of DAS-based sensing
systems.
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