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abstract

Optical networks are an essential component of today’s communications infras-
tructure, providing connectivity across the globe at trillions of bits per second on
a single optical fiber. Significant advances in monitoring environmental effects
through the use of dedicated fiber optic sensors has also provided a wealth of
information about the world around us. However, fiber optic sensing on communi-
cations infrastructure is largely limited due to diverging requirements between the
two applications.

In this thesis, we explore the potential of using fiber optic network communi-
cations infrastructure as a sensing platform in a metro environment. Our overall
approach to this research is to examine the potential for widespread environmental
sensing on optical communications infrastructure through empirical study. We
identify several approaches for measuring characteristics of light in fiber and de-
velop laboratory-based experiments to further develop these designs, and then
validate their effectiveness at detecting physical events on optical fiber. We provide
insight into the characteristics that make a fiber optic route a potential candidate for
environmental sensing, and for limiting factors that may not be initially considered
when selecting routes for monitoring.

We first leverage the functions of a commodity optical transceiver to measure
environmental effects on optical fiber to understand the existing capabilities of
monitoring via the use of optical communications infrastructure. We conducted
laboratory experiments to observe polarization changes under repeated bending
strain and vibration. In addition, we monitor a 4-kilometer fiber path in an urban
setting, examining the result of specific events along its indoor and outdoor routes,
including opening fiber trays and truck-mounted tap testing. We also installed
a specially designed 100-meter fiber route and observed polarization transience,
correlating external factors such as diurnal patterns, temperature changes, precipi-
tation, and passing freight trains to evaluate the sensing potential of these devices.
While the optical transceiver is capable of detecting small polarization transients,
low sampling rate and weak coupling to vibration sources limit the effectiveness of
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detecting some anthropological activity, such as passing freight trains.
We then explore environmental sensing on optical communication fiber through

polarimetry-based measurements to improve our environmental sensing capabili-
ties. We construct a low-cost polarimeter with a sampling rate capable of detecting
vibrations of interest. We then design and build our own polarimeter to increase
sensitivity to polarization transients and evaluate various metrics to characterize
environmental effects. We examine the outcomes of different levels of coupling of
a fiber to a vibration-resonant medium to detect freight trains. Finally, we compare
these findings with the monitoring of the same railway route using a campus net-
work optical fiber and assess the response strength to passing trains. Our findings
show that sensor accuracy is strongly influenced by the level of coupling between a
sensing fiber and a vibrating medium.

After exploring the use of polarimetry for inferring environmental effects, we
created a low-cost, easy-to-implement fiber specklegram sensor capable of detecting
physical effects on optical fiber. We construct a prototype sensor and establish
metrics for evaluating environmental changes that affect the fiber. Subsequently,
we enhance the design to increase its stability and portability, and examine the
results of strong coupling with a vibrating medium in a laboratory setting with fiber
lengths up to 1 km. We then deploy our sensor in situ and analyze its performance
in measuring cultural events in a metro environment. Our device shows high
sensitivity to train traffic, but accuracy can be impacted due to ambient effects or
events that overstimulate the sensor and fiber.

The research presented in this thesis demonstrates a practical approach to using
sensing capabilities in network infrastructure. This work provides a foundation
for numerous opportunities for research, public safety, and smart city applications
that can complement traditional sensing methods.
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1 introduction

The Internet has revolutionized the way we send and receive information, partic-
ularly when it comes to safety information about significant events. In the past,
people relied on traditional media outlets such as television, radio, and newspapers
to receive updates about events such as natural disasters, terrorist attacks, or other
emergencies. However, with the ubiquity of Internet connectivity, information can
be disseminated and shared in near-real-time, allowing for faster and more efficient
communication.

Emergency services, government agencies, and news organizations can quickly
provide alerts, updates, and safety instructions about predicted or ongoing situa-
tions. This information can be crucial for people who may be in the affected area or
have loved ones who are affected.

The Internet has also enabled the development of innovative new systems
and frameworks that can provide even more accurate and timely information
during significant events. For example, some cities and towns have implemented
emergency alert systems that can send text messages or push notifications directly
to residents’ smartphones in the event of an emergency [4]. These systems can
provide important information about evacuation orders, shelter locations, and other
critical information. The alerts are driven by data processed through detection or
prediction systems designed to provide early warning to protect the safety and
welfare of the people involved. One prominent method that can provide data for
indicators of threats to public safety is ground motion sensing.

Ground motion sensing is a crucial technology for early detection of signifi-
cant events. Sensing networks are designed to detect the occurrence of an earth-
quake through strategic placement and integration of different types of collection
devices[4, 5]. This information can be used to issue early warnings and inform
emergency response efforts, potentially saving lives. Ground motion sensing is
also important for assessing the structural integrity of buildings and infrastructure.
Vibrations caused by ground motion can have a significant impact on the integrity
of structures. Ground motion sensors can be used to monitor the behavior of struc-
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tures during earthquakes or over time, providing data that can be used to improve
building design and safety features, ensuring structures are resilient and safe for
use [6, 7]. Ground motion sensors can help identify areas that are at high risk of
seismic activity and can be used to issue early warnings to miners. This information
can be critical to ensuring the safety of workers and preventing accidents [8]. Lastly,
sensing equipment can also be used to detect explosions [9]. This information can
be used to alert authorities and emergency responders, enabling them to respond
quickly and efficiently to address the situation.

In modern urban areas, even with the advent of wireless networking, the Internet
still relies on physical components to function. Data centers, servers, and fiber optic
transponders and cables are essential components of network infrastructure that
allow the quick transfer of massive amounts of data between clients and the rest
of the global network. These physical components, specifically fiber optic cables,
can be subject to the same environmental effects that ground motion sensors are
designed to detect [10, 11, 12]. Given the nearly ubiquitous land-based optical
network communications in metro areas, this raises an interesting question. Can
we opportunistically measure environmental effects with optical communications
infrastructure to improve environmental sensing capabilities?

One of the more novel and successful methods of ground motion sensing is
through the use of optical fiber cables as a sensing medium. Distributed Acous-
tic Sensing (DAS) sends pulses of light down a dedicated fiber and determines
precise locations and amount of strain changes on the fiber, which can be used to
locate disturbances from tens of kilometers away [13, 14, 15, 16]. Although these
systems are very effective and precise, they are still expensive to deploy, require
large amounts of storage and processing to deliver results, and require dedicated
infrastructure to perform operations.

In recent years, there has been increasing interest in using optical fiber infras-
tructure in communication networks for environmental monitoring [17, 18, 19, 10,
20, 21]. The broad deployment of optical fiber in terrestrial and submarine environ-
ments presents a wide range of possibilities for research, public safety, and smart
city applications that would not be possible with traditional geophone arrays and
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other fiber-based sensing methods. The main challenge is to find ways to modify
existing network communication systems for use in sensing applications.

Unlike sensing fiber, which is specifically deployed to detect environmental
effects, optical transport equipment and infrastructure engineering is designed to
eliminate ground motion as sources of noise. Several studies have been conducted
using commodity optical transport equipment for sensing capabilities. Due to the
high coupling and quiet seismic conditions on the sea floor, some promising work
has been done capitalizing on these optimal conditions for sensing. The presence of
sea swells and earthquakes can be detected on the basis of polarization and phase
changes by accessing the internal values of optical transport receivers [19, 10].

While previous studies have shown the potential for physical sensing through
optical communications infrastructure in specific settings with low noise and/or
dramatic signatures, our goal is to test and develop capabilities in more complex
and constrained environments to determine its potential in general applications.
The combination of fiber optic communications and environmental sensing within
the same infrastructure has substantial potential for both domains. The possibility
of improved monitoring and real-time data collection in various sensing applica-
tions emphasizes the need for continued research and innovation. By exploring this
space, we aim to identify practical solutions that utilize existing communication
networks as a sensing platform, creating a more intelligent infrastructure which ben-
efits both the capabilities and societal benefits of optical network communications
infrastructure.

1.1 Our Approach

1.1.1 Research Questions

Our overall approach to this research is to examine the potential for widespread
environmental sensing on optical networked communications infrastructure. Given
the complexities that exist in using this infrastructure for an unintended purpose,
our research questions focused on three distinct dimensions:
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• What are the capabilities and limitations for using optical communications
infrastructure for environmental sensing in metro and urban areas?

• How can we integrate sensing capabilities onto optical communications in-
frastructure effectively?

• How can we expand sensing through optical communications infrastructure
with minimal impact to its primary function?

1.1.2 Description of Approach

Throughout our research, our unifying analytic technique is the empirical evalua-
tion of sensor designs installed on optical communications fiber. In our analysis,
we identify several approaches that can measure characteristics of light and de-
velop laboratory-based experiments to further develop these designs, and then
validate their effectiveness at detecting events of interest in a metro environment.
Measurement of environmental effects on optical fiber in ideal situations has been
conducted in prior studies. These results inform our work. However, our research
is focused on sensing applied to a more complex environment, with high levels of
ambient vibration, on infrastructure optimized for use in communication networks.
We identify and evaluate methods to leverage existing designs and for opportunistic
means of measurement, which do not often align for ideal measurement conditions
for environmental effects.

In pursuit of our research objectives, in each study we evaluate and give under-
standing into the environmental effects to which metro fiber links are subjected,
how these effects might be measured, and highlight opportunities and challenges
with regard to sensing applications. We employ multiple approaches to optical
measurement to determine viable alternative sensing methods for sensing applica-
tions in metro environments. In addition, to provide practical solutions for sensing
through communication infrastructure, we describe designs that can be constructed
at low cost and with minimal modifications to the infrastructure in order to limit
disruption to the primary application of networked communications. With our
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findings, we present a cohesive, well-developed study of the hidden world of envi-
ronmental signals that can be found on our communication networks and practical
means of how they can be revealed.

1.1.3 Transceivers: Efficacy of Using Commodity Optical
Equipment for Environmental Sensing

Modern optical transceivers routinely recover incoming light signals billions of
times a second, adapting to changes in polarization and phase state that can oc-
cur as a result of birefringence while traveling through the fiber. However, the
operational design focus for these devices is strictly for network communications
performance, not for reporting state change information. We opportunistically
leverage this equipment using custom firmware and software that integrates ad-
justments from the adaptive equalizer into quantifiable measurements. This allows
us to measure polarization state as it changes when the fiber under test is subjected
to environmental effects. Using existing installations of optical communications
infrastructure and equipment is the first and most direct approach to environmental
sensing with minimal modifications [22].

1.1.4 Homebrew: Low-Cost Polarimetry Based Environmental
Sensing on Optical Fiber

We further investigate by employing and developing equipment designed to de-
tect polarization transience. Our initial study on commodity hardware was able
to measure polarization state, but its sensing capability was limited by sampling
frequency. Polarimeters are purpose-built to report detailed polarization informa-
tion at high rates, but can be prohibitively expensive to use at scale. A previously
designed low-cost polarimeter has been shown to detect polarization changes from
environmental effects [23, 24, 21]. After evaluating this design, we develop our
own to expand sensitivity to minor vibrations at a wider range of polarization
states and conduct a lab-based evaluation. We measure polarization transience as a
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response to passing trains from a nearby building and evaluate the significance of
coupling to vibration-resonant mediums. Our design offers a low-cost alternative to
traditional polarimeters with increased sensitivity for the use of sensing on optical
communications fiber [25].

1.1.5 Seismospeckle: Practical Specklegram Sensing on Optical
Communications Fiber

Lastly, we explore alternative methods of measurement beyond polarization state
and transience. Fiber specklegram sensing is a type of optical fiber sensor that
measures an interference pattern generated by multiple modes of light that change
paths when a fiber is disturbed. However, optical communication infrastructure
often employs singlemode fiber, designed to restrict light to a single mode during
transport. We consider the use of visible light through singlemode fiber, which
resides underneath the fiber’s cutoff wavelength, thereby creating modal dispersion
of the emitted light. Exploiting this distortion effect allows for the measurement of
the projected modes, which we monitor for physical changes to the fiber’s geometry.
Although this sensor is subject to more disturbance from ambient sources and
provides a reduced sensing range compared to our previous designs, its equipment
cost is significantly lower and offers improved portability for easier installation.

1.2 Contributions of this Thesis
Each contribution of this thesis demonstrates how we developed and evaluated
original designs to monitor the changing characteristics of light in optical fiber
to improve our understanding of sensing on communications infrastructure in a
general case. The major contributions from each study include:

• Optical transceiver analysis for sensing. We conducted a thorough analy-
sis of an widely-used Acacia AC1200 model DWDM transceiver [26] for its
capability to be used as an environmental sensor with customized software
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and settings. Although optical communications equipment has been used
in other works for sensing, we provide a detailed explanation of available
sources of information and their suitability to be used for environmental
sensing applications. We also highlight our process of selecting settings that
would amplify measurement of polarization transience. We provide labo-
ratory results for bending and vibration strain on varying lengths of fiber,
and in situ evaluations to demonstrate specific polarization transient signa-
tures that can be characterized for specific effects that affect the fiber. We
conduct and report on a detailed characterization of a 4-km campus route
with indoor and outdoor portions that include segments that run underneath
freight railways and city street intersections. Lastly, we explain our process
for installing a custom 100-meter fiber route for sensing and identify several
different environmental effects that generate distinct polarization transient
results. We learn through our investigation that while many environmen-
tal effects can be observed through monitoring polarization change with a
commodity transceiver on optical communications infrastructure, obtaining
this data at a sufficient sampling rate is difficult and will impact sensing ca-
pability. By using this equipment, we establish a baseline in answering our
research questions and open additional avenues of study to improve sensing
capabilities and reveal nuances in using communications infrastructure for
an alternative function.

• Novel low-cost polarimeter. We evaluate an existing low-cost polarimeter
design and report on our initial findings with regard to sensitivity and suit-
ability of polarization rotation rate metrics. We then improve upon this design
and evaluate its effectiveness compared to a commercial polarimeter through
the use of laboratory experiments and in-situ deployments. We show that
our polarimeter can optimally increase overall responsiveness and improve
the optimal minimum sensitivity by at least 29% over the original design. We
additionally compare train-event monitoring results on a series of routes with
different levels of coupling and highlight its importance when selecting routes
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for environmental sensing applications. Our work shows the capabilities of
using optical fiber communication infrastructure for more robust sensing
methods, which provides an example of what sensing can be possible with
modifications to the coupling of a fiber route.

• Low-cost specklegram sensor. We design and develop a short-range sensor
capable of monitoring disturbances on OS2 fiber optic cable using visible light
and inexpensive components to develop a sensor for at a fraction of the cost
of other sensors. While not as precise as other methods, this sensor offers
improved deployability over larger, more cumbersome designs, and can be
deployed in short- and long-term capture modes. We show its effectiveness
in laboratory and real-world environments and highlight future use cases for
this design to provide advantages over other methods of fiber optic sensing
on communications infrastructure.

• Observations for sensing on fiber optic communications infrastructure.
Fiber installations for communications are engineered much differently than
routes designed for environmental sensing. We provide insight into the char-
acteristics that make a fiber optic route a potential candidate for environmental
sensing, and for limiting factors that may not be initially considered when
selecting routes for monitoring. We also analyze the effect of coupling of a
fiber to a medium that transfers vibrations of interest. Lastly, we show that
small portions of fiber subjected to building noise or ambient air flow may
occlude transient effects and must be limited in order to improve sensing
capabilities.

1.3 Dissertation Outline
The remaining chapters of this manuscript are organized as follows. In Chapter 2,
we provide background information on the characteristics of light as it pertains to
the transmission of data through optical fiber, the technology and infrastructure
regarding optical communication networks, and methods and technologies for
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ground motion sensing. In Chapter 3, we present our methodology and results for
our research and experiments for the use of commodity optical transport equipment
for environmental sensing. In Chapter 4, we explore the design of a novel, improved,
low-cost polarimeter and polarization transience measurements. In Chapter 5,
we describe our work in fiber specklegram sensing using an ultra-low-cost sensor
suitable for measuring effects on shorter fiber spans. Finally, we provide a summary
of our research in these areas and highlight avenues for future work in Chapter 6.
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2 related work

This dissertation is informed by the disciplines in the areas of photonics, fiber optic
communications and networks, ground motion sensing, and fiber optic sensing.
Having a detailed understanding of each of these domains is essential in conducting
our research to utilize optical communications infrastructure for a sensing system.

2.1 Light Characteristics for Data Transmission and
Sensing through Optical Fiber

In this section, we describe the characteristics of light and their importance in fiber
optics applications. As our research goal is to detect environmental effects imposed
on deployed fiber, understanding the physical nature of the communications in-
frastructure and transport medium is essential to enable its use as a sensing system.
Although the field of study of photonics spans numerous applications, we focus
here on four fundamental characteristics that specifically pertain to communications
and sensing using light through the waveguided medium of optical fiber: Ampli-
tude, phase, polarization, and wavelength [27, 28]. After a description of each of
these characteristics, we explain their relevance to both sensing and communication
applications.

2.1.1 Amplitude

The amplitude of light describes the maximum oscillation of the electric or magnetic
field component of an electromagnetic light wave. The electric field component’s
amplitude directly relates to the light’s intensity. Intensity describes the amount of
energy carried by a light wave in a unit area, proportional to the squared amplitude
of the electric field component [29]. A common way to express optical power is in
dBm, the ratio of optical power in relation to 1 milliwatt [30].
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The earliest optical networked communication devices modulated the intensity
of light through pulses. This is described as On-Off Keying (OOK) modulation,
a simple form of Amplitude-Shift Keying (ASK). Although OOK modulation is
inexpensive to implement, one of its main limitations is its limited bandwidth
efficiency, as only one level of amplitude is used to represent the data [31]. Although
more advanced versions of OOK are still being developed for specific applications
[32], simple OOK modulation is less effective in high-speed systems that require
high bandwidth and efficient use of available spectrum [27, 33]. Today, coherent
optical transport schemes incorporate modulation of amplitude as an element to
encode information [1].

Early optical fiber sensors also measured the intensity of light to determine
environmental changes around a fiber under test. Using the property of total
internal reflection (discussed later in Section 2.2.1), light guided by a fiber will leak
out of the core if the refractive index of the surrounding medium is similar to that
of the fiber, which may detect the presence of liquid, or if an extreme bend radius
is inflicted upon the fiber, such as in applications of pressure sensors [34, 35].

2.1.2 Phase

The phase of light describes the specific point of oscillation in a wavelength that
a light wave occupies at a given point in time [36]. Phase modulation is used to
encode data onto a light wave that can more efficiently capitalize on bandwidth and
provide higher data rates compared to simpler modulation techniques. Modern
coherent optical transport systems modulate both amplitude and phase, resulting in
a more complex constellation of symbols that supports a more efficient bandwidth
[37, 27, 38].

As intensity is proportional to the amplitude of the wave, coherent light waves
that are out of phase with each other on the same optical path will cause destructive
interference which reduces the intensity of the combined waves. Fiber specklegram
sensors use this phenomenon as a key principle for measuring physical changes in
a fiber [39].
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Figure 2.1: Diagram of Polarization Ellipse (left) and Poincaré Sphere (right),
ellipticity and orientation angles and Stokes parameters shown.

2.1.3 Polarization

Light is a transverse wave that oscillates perpendicularly along its direction of
travel. It is also an electromagnetic wave composed of both an electric wave and a
magnetic wave that oscillate orthogonally in relation to each other. The orientation
of the electric-wave oscillation is the polarization of light. Polarization can be
decomposed into vertical and horizontal components, each with an independent
amplitude and phase [40]. This characteristic plays a vital role in modern coherent
optical communication, explained in further detail in Section 2.2.3.

These components are commonly expressed in two ways to describe the state of
polarization. First, polarization can be described as an ellipse having two angles
that correspond to the orientation (ψ) and the ellipticity (χ) of the polarization state.
Second, they can be described as a Stokes vector consisting of four parameters,
where S0 describes the overall intensity of light (which is usually normalized),
S1 describes the linear vertical to horizontal polarization, S2 describes the linear
polarization from +45° to −45° and S3 describes the circular polarization from
right-hand to left-hand rotation [41]. Both the angles for the polarization ellipse
and the Stokes parameters can be represented on a Poincaré sphere, shown in Figure
2.1. The Stokes parameters S1 to S3 are normalized from 1 to -1 [40].

To calculate the transience of polarized light through a given system, a Jones
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matrix can be used to determine the result. Multiplying the complex amplitudes
of the vertical and horizontal components of the polarization vector by the Jones
matrix presents a theoretical transformation of an input polarization state into its
output. However, it is important to note that light does not necessarily maintain
a single polarization state and may become disordered, which is referred to as
unpolarized. For example, a beam of sunlight is unpolarized such that it contains
randomized states of polarization. The intensity of light that maintains a specific
polarization divided by the total intensity of the light is expressed as the Degree
of Polarization (DOP). Using a Muller calculus, one can mathematically model
polarization through a complex optical system and determine the DOP [40].

As light propagates through an optical fiber, its polarization will change due
to birefringence. This property causes different polarization components to travel
at different velocities. Birefringence can be induced by several factors, such as
imperfections in the fiber structure, temperature variation, and external stresses
caused by ground motion. The complex integration of these factors can appear as a
random change in polarization from the light source to the destination [42]. Digital
communication devices must compensate for this effect through complex signal
processing and therefore must track polarization to properly reconstruct the digital
signal.

2.1.4 Wavelength

The wavelength of light refers to the distance over which a wave repeats itself.
For visible light, different wavelengths correspond to different colors. Depending
on the application, optical communication uses a wide range of wavelengths as
seen in Table 2.1. Generally, shorter wavelengths are used in shorter distance
and multimode applications, which benefit from equipment that is lower cost
and requires less energy to operate. Longer wavelengths are used in single-mode
configurations and long-haul applications.

The wavelength bands are selected because of the optimal performance between
several fundamental sources of loss and dispersion in silica optical fiber. First,



14

Band Wavelength Purpose
850-Band 850 nm Home/Enterprise Multimode
O-Band 1260-1360 nm Original/Historical Use
E-Band 1360-1460 nm Single + Multimode
S-Band 1460-1530 nm Passive Optical Networks
C-Band 1530-1565 nm DWDM + Long Distance
L-Band 1565-1625 nm DWDM + Long Distance
U-Band 1625-1675 nm Maintenance/Monitoring

Table 2.1: Optical communication bands and common usage.

Rayleigh scattering occurs because of microscopic irregularities in the fiber’s mate-
rial makeup. As wavelengths become shorter, these irregularities cause significant
dispersion. Second, the material absorption of fused silica rises significantly after
1700 nm, and is no longer a suitable medium for such long wavelengths. Lastly,
peaks in absorption exist at about 950, 1250, and 1400 nm because of molecular-level
water vapor in the material. Modern day fabrication processes have significantly
reduced these water peaks, but their presence still defines the communication
bands used today [27, 43].

Although advancements in optical communication have enabled new technolo-
gies to transmit and receive encoded information, the wavelengths that find most
common use in single-mode metro applications today are in the C-band, which
ranges from 1530 to 1565 nm. The C band is preferred in these applications due
to its low signal loss and the availability of optical amplifiers that can boost signal
strength over long distances [44, 45].
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2.2 Fiber Optic Communications Equipment and
Networks

In addition to examining the fundamental properties of light, we explore the con-
temporary applications of fiber optic networks and infrastructure, as well as the
integral components that facilitate and optimize this mode of communication.

2.2.1 Optical Fiber

Optical fiber is a waveguide medium, designed to direct and contain light that enters
one end. This is achieved through total internal reflection; as the light traveling
through the fiber encounters a change in medium with a lower refractive index at
an angle larger than the critical angle, it is completely reflected back into the first
medium. Fiber optic cables will generally have three or more layers, depending on
the application. The center of the fiber is the core, intended for the fundamental
mode of travel. Surrounding the fiber is the cladding, constructed with a lower
refractive index in order to guide the light modes through the cable. The transition
between the core and the cladding may be step-indexed, with a rapid change of
refractive index, or graded-indexed, with many gradual changes of refractive index
moving away from the center of the core. Outside of the cladding, a buffer layer
physically protects the fiber. Strength members may be added, such as cables or
synthetic fibers, to protect the fiber from tensile strain, before being enclosed in
a jacket. Several fibers may be bundled into a larger cable, which may contain
gel, powder, armor, additional strength members, and/or encapsulating jackets. A
diagram of a fiber optic cable is shown in Figure 2.2.

There are two primary types of cable, either designed for single mode or mul-
timode transmission. Multimode fiber will typically have a larger fiber core to
allow several modes of light to travel through the medium, while single mode fiber
has a small core that limits transmission to a single mode, drastically reducing
attenuation and dispersion for extended distances [42, 46]. Multimode communi-
cations components are often more inexpensive to deploy than their single mode
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Figure 2.2: Cross-section of a fiber optic cable with components identified.
Recommendation Title Wavelength
G.651.1 50/125µm Graded-Index Multimode Fiber for FTTH Systems 850/1330 nm
G.652.C, G.652.D Standard Single-Mode Fiber for CWDM Systems 1260-1675 nm
G.654.A-E Cut-off Shifted Single-mode Fiber for Long Haul Networks 1550 nm
G.656 Non-zero Dispersion Fiber for CWDM and DWDM System 1460-1625 nm
G.657.A, G.657.B Bend-insensitive Single-mode Fiber for FTTH Systems 1260-1625 nm

Table 2.2: Common ITU-T fiber optic specifications.

counterparts.
Because of the wide range of applications that optical fiber can support, it

is specifically engineered for wavelength bands and the nature of the external
environment. The International Telecommunication Union, Telecommunication
Standardization Sector (ITU-T), governs the specifications of fiber types through
official recommendations [46]. Some of the common-use recommendations can
be seen in Table 2.2. Cables are created with specific cutoff wavelength ranges to
maximize propagation and minimize intermodal dispersion.

2.2.2 Digital Signal Processors and Coherent Optical
Transmission

Optical transport Digital Signal Processors (DSPs) correct for signal impairments,
but are also responsible for performing several functions to efficiently transport
data across an optical medium. Figure 2.3 shows a block diagram for the functions
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Figure 2.3: Block diagram of optical Digital Signal Processor functions [1, 2].

required to transmit and receive data in an optical link [1]. First, client-side data
is aggregated according to the operator’s configuration before sending to the DSP.
DSPs then format the client data into the specified Optical Transport Network
(OTN) wrapper, attach frame information, and conduct encoding for Forward
Error Correction (FEC) [47]. The frame is then mapped to the different polariza-
tion waves, and a signal marker is added to assist the receiver with estimating
the recovery of the frame. The data are then shaped to fit within the assigned
transmission spectrum. Lastly, the packet is formatted and shaped for conversion
to analog signal and transmitted using an optical transmitter. The receiving DSP
follows a similar reconstruction, but in reverse, receiving the information and com-
pensating for dispersion, evaluating the incoming signal marker and then applying
adaptive equalization, demodulating the frame, performing FEC decoding, and
distributing the data to the client Local Area Networks (LAN) according to the
transport receiver’s settings [1, 2].

The optical transmitter is responsible for transmitting the analog signal and
encoding it onto the vertical and horizontal polarizations, modulating the orthogo-
nal in-phase and quadrature phase components on the carrier light signal. These
polarizations are combined and transmitted through the optical fiber medium to
the receiving end. The receiver splits the received waves by polarization and uses
a local oscillator to recover the phase component information through 90° hybrid
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Figure 2.4: Diagram of coherent optical transmitter and receiver functions [1, 3].

couplers, before sending the signal to be digitally processed. A diagram of this
process is shown in Figure 2.4 [1, 3].

2.2.3 High Bandwidth Solutions in Optical Networks

In the effort to increase the capability of optical-based networks, several different
methods are used to increase the bandwidth of a given link. One method optical
networks use is coherent optical communication, which encodes information on
orthogonal polarizations on the same carrier [37]. The phase and quadrature
components are modulated on each carrier wave in order to generate data symbols in
Dual Polarization Quadrature Shift Keying (DP-QSK). As the requirement for more
throughput increases and the signal is sufficiently above the noise floor, modulation
schemes can be more complex, such as Polarization Division Multiplexing with 16-
Quadrature Amplitude Modulation (PDM-16QAM) and Dual Polarization with 64-
Quadrature Amplitude Modulation (DP-64QAM), with each symbol representing
a higher order of bits (4 and 6 bits, respectively). Another way to increase data rates
is by frequency multiplexing. For example, Dense Wave Division Multiplexing
(DWDM) enables multiple channels that reside in wavelength bands (from 1530 to
1625 nm) of variable width to carry information in a single fiber. [48].



19

2.2.4 Fiber Optic Network Applications

Fiber optic communication has been widely adopted due to its capabilities and
advantages over traditional copper medium. Datacenters can leverage optical
switches and transport to meet requirements for low latency and high bandwidth,
providing additional benefits of reduced power consumption and greater resistance
to electromagnetic interference. Similarly, optical fibers used in LANs and last-mile
installations for home and office networks bring higher bandwidth benefits to end
users. Metro fiber and 5G applications require the bandwidth that can be provided
through the efficient use of optical networks [38]. Optical transportation benefits
from extremely low attenuation through the use of optical repeaters, forming the
longest and highest throughput terrestrial-based networks, with endpoints being
able to communicate quickly from more than thousands of kilometers away.

2.2.5 Optical Transport Signal Impairments

Due to the dispersion tendencies of an optical pulse to spread out in time, there
are several impediments to achieving optimal bit rates that must be considered.
Chromatic Dispersion (CD) is a temporal drift of wavelengths due to the index
of refraction being a function of frequency [40, 49]. Similarly, Polarization Mode
Dispersion (PMD) relates to the temporal drift between different polarizations that
distorts the original signal [40, 27]. Differential Group Delay (DGD) describes
the distance between the two signal components [50, 40]. Although earlier optical
communication systems required specialized fiber in order to limit these errors,
modern DSPs are capable of identifying the different components, maintaining a
signal lock on transmission, and will routinely mitigate these effects [51].

2.2.6 Performance Metrics for Optical Communication

In order to monitor network performance, hundreds of metrics have been developed
and are available for use on optical transport network devices. We list several
commonly used metrics that can track efficiency and identify problematic situations
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in these networks. Bit Error Rate (BER) expresses the frequency in which an error
is identified in communications, typically given as a negative exponent. BER can
be calculated both before and after Forward Error Correction (FEC), and is a good
baseline measurement for the quality of a given optical link [52]. Optical Signal-to-
Noise Ratio (OSNR) measures the ratio of optical signal power to noise in a given
optical channel. A higher OSNR indicates a higher signal quality, which translates
to better performance in terms of data transmission and error rates [53, 54]. With
an expected bit rate, Q-factor can be used to find the ideal OSNR. Q-factor is a
metric based on the understanding that data symbols are not evenly distributed
between ’0’ and ’1’ signals during transmission, and take their distribution into
account [55].

2.2.7 Network Monitoring

Given the requirements for optical transport networks, continuous monitoring and
maintenance can become cumbersome. Over several years, life-cycle replacement
of outdated components and additional expansion of the network often results
in equipment sourced from different vendors. Different vendors and capabilities
package proprietary monitoring tools to assist in collecting metrics and alerts via
reporting utilities, such as Simple Network Management Protocol (SNMP), or via
streaming telemetry utilities. This may result in monitoring segmentation and
increased complexity as the network continues to mature and develop to meet
requirements [56, 57]. Monitoring large optical networks is a significant area of
research that requires innovation and adaptability to satisfy network operational
requirements. We provide a few examples of solutions that address this problem
in several different ways.

NetSage was developed to ingest metric data from multiple sources to support
operators and managers who oversee the International Research Networks Con-
nections (IRNC) backbones. This system also allows different operators to request
metric visualizations with the context most appropriate for their task through the
use of a simplified query interface to build a dashboard [58]. Netpaca was devised
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as a monitoring dashboard using the Grafana visualization platform [59] by first
identifying actionable metrics and alerts, then increasing the scale of the monitoring
service to approach the problem from the ground up to overcome shortcomings in
vendor specific products to form a holistic approach [60]. OpTel was designed to
leverage purpose-built streaming telemetry focused on through a vendor-agnostic,
scalable approach to monitor and manage optical backbone networks between
cloud provider datacenters. Of particular interest relating to the development
of reporting capabilities of optical transport devices, they found that 15 second
reporting intervals were most efficient at detecting persistent events over transitory
ones, and were able to predict future network-degrading events up to 15 minutes
after early warning indicators [61].

During the development of this thesis, we recognized the need for a scalable and
holistic monitoring solution that could ingest performance monitoring metrics and
correlate network events to external environmental effects. To this end, we devel-
oped a prototype system, Optimon. A high-level overview of our system is shown
in Figure 2.5. This system was designed with a centralized approach to monitoring,
with distributed collection nodes residing on the transport management network
capable of collecting and filtering specified metrics. Optimon is vendor-agnostic
and performs data sanitization on the collection nodes before sending pertinent
information to a library node. The library node retains the original data on long-
term storage devices and also maintains recent data in a time-series database using
the open-source Telegraf, Influx DB, Grafana (TIG) stack [62]. The user can build
and apply transformations to the reported data to discover trends and anomalies.
Lastly, the user interfaces with the command node on the internal management
network to modify collection and storage settings from a single location. As a minor
contribution, we have made the Optimon repository available for use and further
development [63].
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Figure 2.5: Diagram of Optimon, a prototype optical network monitor.

2.3 Ground Motion Sensing
Earthquakes are one of the most powerful and destructive forces on Earth, and
their impacts can be catastrophic to our lives. In 1906, more than 3,000 people lost
their lives in San Fransisco in the quake and the fires and destruction that followed
[64]. One hundred years later, almost 1,150 residents of West Sumatra were killed
in the earthquake and the region was crippled with the loss of infrastructure [65].

The ability to identify earthquakes in real time is crucial for protecting human
lives and minimizing damage. Earthquakes are characterized by several waves of
different intensities that can be detected and alerted to help minimize the loss of life.
P-waves travel quickest from an earthquake’s epicenter and are characterized by
compression and expansion of the ground radiating in the direction of travel. These
are commonly non-destructive and comparatively minor. S-waves follow after and
are characterized by transverse vibration along the direction of travel and are more
intense. Following the P- and S-waves, the most intense and damaging surface
waves arrive [66, 67, 4, 68]. This pattern of propagation can be used to trigger early
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warning systems, initiate emergency response efforts, and inform public safety
officials and the general public.

2.3.1 Detection Technologies and Networks

Identification of early waves and coordinating arrival time between different seismic
sensors allows for identifying the location, magnitude, and expected duration of
seismic events [4]. Before the use of digital recording, sensing technology in the
1930s consisted of the recording the movement of a mass suspended on a spring on
paper or film in strong-motion accelerographs [69]. The critical need for ground
motion sensing capability has driven the advancement of these technologies to
take many different forms today. Modern sensing networks require the use of
different systems such as California’s ShakeAlert system, consist of a range of
sensors that include broadband seismometers that are capable of recording a wide
range of frequencies [70], short-period sensors that are more sensitive but limited in
frequency range [9], and strong-motion sensors that can monitor higher magnitude
motion [4] to fully capture seismic activity [5]. Recent advancement and maturity
of Micro Electro Mechanical Systems (MEMS) has opened up the possibilities of
having smaller form-factor devices that can be deployed in denser arrays to increase
sensing resolution [71]. Radar sensing by satellite can also be used to detect areas of
concern for landslides in remote areas where traditional monitoring is difficult [72].
The choice of sensing technology to employ is dependent on the specific seismic
monitoring application. Employing a diverse set of sensor types can provide a
more robust solution, with capabilities from one type complementing another’s
limitations.

Due to the large volume of data that is collected and shared by seismic detection
networks, continuous capturing is undesirable. To conserve resources, algorithms
are used to identify changes from baseline activity [73]. One of the most well known
is the Short Term Average/Long Term Average (STA/LTA) trigger. This combines
the average of a shorter window to identify the start of a seismic event, and a longer
window which terminates the event. Parameters such as trigger weight and pre-
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and post- recording lengths are important to configure correctly in order to capture
relevant information about seismic signals [74].

Given the expense and infrastructure needed to maintain and coordinate these
networks, research has also been conducted into using lower cost systems that
can be deployed to make a dense array of sensors, both for event detection as
well as seismic activity analysis [75]. Raspberry Shake is a low-cost geophone
built on a Raspberry Pi that has been shown to be an effective addition to ground
motion sensing networks [76, 77]. Experiments with low-cost accelerometers,
such as the ones used in smartphones, suggest that decentralized networks with
limited capability sensors can be crowdsourced to detect seismic events [78] due to
increased sensor density, but could suffer false alarms [79].

2.3.2 Seismic Sensing Applications in Metro Environments

City and metro locations provide a saturated sensing environment due to the large
amount of anthropogenic noise that results from a large population. Recent studies
have found ways to identify this as noise through machine learning applications
to focus on earthquake events [80]. However, discarded noise is information-
rich for the events and activities that are occurring in our cities. More than just
detecting large-deformation seismic events, detecting subtle strains and vibrations
provide the basis for imaging the near-surface and can inform us of local events
in metro areas and infrastructure, such as crowd activity, explosions, or structural
health monitoring. Natural gas and fuel explosions can be recorded in these sensing
networks, and timing analysis from these networks can provide locality information
on where these explosions occurred [9]. In 2011, a surprise play by the Seattle
Seahawks caused such an uproar by the spectators that a strong-motion sensor
was able to detect and monitor the event in such detail that specific portions of
the play leading to the touchdown and extra point were able to be identified. [81].
Similarly, responses to encores and playlists in rock concerts can be pinpointed
on these devices, as well as firework displays and more common events such as
diurnal traffic cycles and subway traffic [82]. Sensors can be installed on buildings
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and bridges to determine if there is damage to the structural integrity and can
serve as an early warning sign to preserve life and prevent further damage to the
infrastructure [6].

2.4 Fiber Optic Sensing
The use of fiber optic cables for environmental and physical sensing has been ex-
plored for several decades and has had significant impacts in many applications.
Disturbances and environmental changes along a fiber route alter the strain im-
posed on the fiber optic cable and modify the cross section of the fiber causing
measurable disturbances and changes to the output at the termination point of
the fiber. Although many techniques and applications for fiber optic sensing have
been published, we highlight three broad technological categories of particular
importance for this thesis.

2.4.1 Integrated Sensors

As discussed in previous sections, external stresses and strains placed on the fiber,
such as temperature or bending, ultimately reflect changes in the properties of light
that is guided through the fiber. These sensors measure different characteristics
at a termination point of a fiber and measure the integrated change of the route
from an established baseline at a termination point [83]. The earliest fiber optic
sensors measured the light that passed through a fiber. Reductions in intensity
were observed when a pressure plate was activated, causing a strain that leaked
light out of the fiber core [84, 35].

If fibers support multimodal transport, the projection of the interference between
the light modes can be measured by Fiber Specklegram Sensing (FSS). The cost and
complexity of equipment used in the construction of these devices is significantly
less compared to more sophisticated methods of measurement [85]. FSS has been
successfully demonstrated in several works over many years. Zhang et al. applied
specklegram sensing in structural monitoring test and were able to measure minute
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deformations in a concrete beam with an embedded test fiber [86]. Liu et al.
were able to train a machine learning model to detect the amount of curvature in a
suspended fiber [87]. Machine learning has also been used to determine the general
locality of fiber displacement with specklegram sensing, with limited results [88].

Integrated sensors are relatively inexpensive and technically easy to use com-
pared to other means of fiber optic sensing. However, the amount of information
revealed from a route must be taken as a whole and are particularly sensitive to dis-
turbances outside of the testing region and can suffer from reliable measurements
[85]. Overall, they demonstrate significant potential for practical applications in
monitoring structural integrity and environmental changes in otherwise undis-
turbed environments, and offer a cost-effective approach for measurement and
analysis on fiber optic cable.

2.4.2 Modified Fiber Sensors

Fiber optic sensors can be especially effective by modifying the construction of the
fiber optic cable to gain increased sensitivity. In particular, a Fiber Bragg Grating
(FBG) has a modulated refracted index in a distinct pattern at specified locations.
Depending on the configuration of the grating, these portions of the fiber cause
reflection of a particular wavelength that varies with strain, which can be targeted for
measurement. By using different grating periods, different wavelengths are affected.
When combined with a broadband signal, this configuration can provide multiple
readings at several points along a single strand of fiber that can be interrogated
using filters or multiplexing receivers [89].

Comparative tests versus traditional strain gauges show that FBG fiber sensors
have increased sensitivity and also offer resilience against undesirable environmen-
tal effects such as corrosion and electromagnetic interference [90]. These sensors
have been used to monitor high-speed train traffic in real time by counting the
pressure of the passing train wheels, and can also detect deceleration and accelera-
tion as the train passes [91]. Other sensor applications involve measuring the axial
strain of the spans of a bridge while load bearing trucks traversed the structure,
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measuring the changes between the bridge piers and creating an overall vibration
profile [7].

The use of a singlemode, multimode, singlemode (SMS) spliced fiber can also
benefit fiber optic sensors. Using an SMS fiber as a filter for an FBG-based sensor,
this configuration served to eliminate the wavelength variation of temperature and
preserve changes in strain [92]. For FSS applications, this configuration reduces
interference from disturbances outside of the testing area and can excite additional
light modes, allowing higher-fidelity measurements [86, 93].

Modified fiber sensors are more expensive to deploy and maintain than point
sensors, although they offer notable benefits, such as high-precision measurements,
enabling various sensing responses, and limiting sensitivity to target-specific mea-
surements. However, this type of sensing requires a separate installation for sensing
purposes and cannot take advantage of existing fibers in optical network communi-
cations.

2.4.3 Distributed Acoustic Sensing

One of our main motivators for this research is the success of Distributed Acoustic
Sensing (DAS) technology, which uses dedicated fiber optic cables as a sensing array
for ground motion that results in acoustic signals. The sensing techniques used vary,
but operate on similar principles as optical time-domain reflectometry (OTDR),
which is used to evaluate the structure of the optical fiber used for communication
[38]. DAS interrogator units send pulses of light down a dedicated fiber. Based on
the light returned from Rayleigh backscatter, a profile of the fiber path is constructed.
Small deviations from this profile indicate not just the magnitude and time of change
but can also determine locality with resolution of as little as 1 m more than 40 km
away. This capability serves as a linear array of sensors with one collection device
[14].

DAS and fiber optic sensing have seen wide application in a variety of studies
and applications, especially earthquake monitoring [94, 95]. These sensors have
also been used to measure changes resulting from pipeline soil leakage over long
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distances [96]. Due to their high sensitivity, DAS arrays have been deployed in order
to characterize ambient noise signatures produced by cultural effects to further
distinguish signals of interest [97]. DAS detects surface waves that are generated
from high-speed railways [98] and can be deployed to serve as intrusion detection
for border security over extended distances [99].

DAS is a versatile and powerful technology with broad applications in various
fields, from geophysical monitoring to security. Although expensive, technically
complex, and resource-intensive compared to other fiber optic sensing technolo-
gies, its ability to provide highly detailed and spatially resolved data over long
distances makes a significant impact on detection techniques for subtle changes in
an environment.

2.5 Fiber Optic Communications as an Environmental
Sensor

Given the widespread presence of optical network communications infrastructure
and the technological advances of fiber optic sensing, the integration of two distinct
applications on the same infrastructure appears promising. However, it is essential
to consider both the challenges and opportunities that arise from this combination.
Given the technical and physical requirements that stem from these two domains,
it presents unique technical and operational challenges that must be addressed to
fully realize its potential.

2.5.1 Challenges

One of the primary challenges in combining optical networked communications
with fiber optic sensing is the significantly different deployment strategies for
each application. Fiber optic communication routes are engineered to shield them
from environmental effects to maximize signal integrity, while sensing fibers are
often exposed to these same conditions to effectively gather data. In addition, any
disruption to the network can become a significant liability for organizations that
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rely on the fiber optic infrastructure for high-bandwidth communications. These
factors create a complex landscape where the incentive to implement such dual-
purpose sensing must be balanced against the resource investment required to
make the trade-off beneficial.

2.5.2 Opportunities

Despite these obstacles, there is a growing body of research focused on monitoring
optical communication networks, which shows the wealth of data that can be ob-
served. Wind galloping effects for aerial runs have been monitored through the use
of polarimeters and optical transceivers [20, 100]. Similar measurement techniques
have been used to detect high-speed train traffic on rail bridges with optical commu-
nication fiber routes [21, 101]. Although long-haul network monitoring presents an
integrated response to changes throughout the monitored route, particularly quiet
routes, such as on the ocean floor, can show a response to undersea earthquakes
[16] and sea swells [19]. Changes in diurnal temperature along the fiber routes
have been found to correlate with changes in PMD [102]. Measurement of fiber
optic cable responses to tap testing can identify mismatches between historical route
maps and reveal the locations of slack loops [103]. Recent research on combining
distributed sensing with simpler communication schemes shows the possibility
of integrating these two technologies [12, 104]. Initial research on the use of opti-
cal network performance metrics shows promise for future studies to incorporate
sensors into the communications infrastructure [18].

Although these related studies highlight both the advantages and the intrica-
cies of physical sensing on communications infrastructure, there is considerable
potential available. Despite the significant challenges posed by varying deploy-
ment strategies and the risk of network disruptions, the extensive data and insights
obtained from such a system can be extremely valuable. The possibilities of better
monitoring and real-time data collection in various applications, ranging from
infrastructure health monitoring to environmental surveillance, emphasize the
need for ongoing research and innovation in this field. By addressing technical
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and operational challenges by investigating pragmatic monitoring methods, we can
utilize existing communication networks to develop a more robust and intelligent
infrastructure, ultimately advancing both technological capabilities and societal
benefits.
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3 transceivers: efficacy of using commodity optical
equipment for environmental sensing

The challenge of adapting communication network optical fiber infrastructure for
environmental sensing has two technical dimensions, (i) enabling sensing capabil-
ities on optical fiber infrastructure, and (ii) the response of the infrastructure to
environmental effects of interest. Capabilities can be achieved by deploying dedi-
cated sensing equipment (e.g, DAS interrogators and polarimeters) on dark fiber
that is available in network communication conduits [17, 20, 21], or by tapping into
optical hardware that transmits the data signal [18, 10]. Although the former offers
immediate deployment opportunities, longer-term challenges include scalability
(limited to tens of kilometers of uninterrupted fiber section runs), management
overhead (associated support needed for additional interrogators), and costs (each
additional section of sensing fiber requires a new interrogator).

Our long-term goal is to create a highly sensitive global sensing system on top of
existing network communication fiber optic infrastructure with no operational dis-
turbance of its primary purpose of transporting data and with little to no additional
cost.

Several recent studies show that optical transport equipment can be used to
detect significant events that would impair network data in transit over the fiber
[18, 105, 11] or to use coherent receivers as sensors in idealized environments
[10, 19]. However, real-word urban deployments are engineered to protect against
communication degradation and can be subject to a magnitude of smaller effects
that mask responses of interest. Our contribution is to explore the efficacy of using
network communications infrastructure for environmental sensing in a general sense, both
in practicality and sensitivity.

We examine the current capabilities and limitations of using commodity network
communication transport hardware by conducting a series of controlled laboratory
tests to understand how the characteristics of light change as fiber is disturbed, as
well as the level of sensitivity to disturbances of interest on fiber optic cable. We
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then deploy our sensing system on fiber that more closely approximates a network
communication installation in an urban environment. We characterize the specific
geometry and coupling of the fiber run and determine what can be sensed with
this system.

Through these experiments, we show that the use of optical communication
equipment and infrastructure presents some limitations for ground motion sensing,
but reveals important and previously unseen information about the environment
around fiber optic cables that is useful in monitoring applications.

3.1 Overview of Research
A series of controlled laboratory and field-scale tests were conducted using an
optical communications transceiver to assess the current capabilities and limita-
tions of using commodity network communication transport equipment for ground
motion sensing. The transceiver’s capabilities were augmented with software that
enables light signal data to be collected. A critical aspect of the design of an optical
transceiver is its ability to recover data signals by detecting and compensating for
linear transmission impairments that occur in the optical medium [3]. Over time,
these adjustments can reveal polarization transience induced by fiber deformation,
which we are interested in for sensing applications. It is important to note that
typical transceivers are not designed to report this information directly and are
thus typically unavailable for sensing applications. Our tests aimed to understand
how the transceiver can report polarization transience as fiber deformation occurs
due to vibrations and temperature changes, as well as the level of sensitivity to ex-
pected disturbances. Through these experiments, we were able to identify potential
opportunities and limitations with the use of commodity network communication
transport equipment for environmental sensing.

Despite these limitations, we were able to identify revealing information about
the environment around fiber optic cables that is useful in monitoring applica-
tions. By tracking the polarization state and transient effects, we characterized
how different impacts on the fiber were evident in polarization measurements and
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determined what could be sensed with this system, providing effective coupling to
areas of interest. We also provide a comprehensive report on our exploration of
transceiver reporting metrics, the construction and improvements on our in situ
fiber experiments, the characterization and analysis of the vibration signals of trains,
and recommendations based on our results for selecting fiber-sensing routes.

Our findings advance the vision of harnessing network communications infras-
tructure for ground motion and environmental sensing. We highlight practical
use cases for sensing via commodity optical transceivers, as well as the primary
limitation of our test system which is the sampling frequency.

3.2 Transceiver Setup and Configuration
The commodity system used for these experiments is an Acacia AC1200 Dense
Wavelength-Division Multiplexing (DWDM) Transponder Module, as seen in Fig-
ure 3.1. This device interfaces with up to 12 client network pluggable modules and
transport data up to 1.2 Tbps via an optical link [106]. This module is commonly
enclosed in larger rack-mountable equipment, and access to specific functions is
constrained by the enclosure’s vendor and system requirements. Our use of the
AC1200 was through an evaluation enclosure that provides additional access to the
registers beyond what is available through a standard management interface. Our
experiments were performed in a homodyne configuration using a single lane for
transmission and reception. This transceiver model was used in a previous study
to correlate polarization transients from a submarine cable deployment to sub-sea
earthquake activity [10].

The Peripheral Component Interconnect Express (PCIe) management interface
allows reading and writing to hundreds of registers within the AC1200 that include
device, vendor, customer, network, control, alarm, and monitoring information.
Our initial investigation into the use of the device for a sensing system involved a
subset of more than 30 network performance monitoring registers, represented in
Table 3.1.
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Register Purpose Reporting
Interval Variants

Polarization Dependent Loss 1 Hz* Min Max Avg
Bit Error Rate 1 Hz* Min Max Avg
Bit Error Rate 10 Hz Current
Optical Signal to Noise Ratio 1 Hz* Min Max Avg
Q-Factor 1 Hz* Min Max Avg
Chromatic Dispersion 1 Hz* Min Max Avg
Differential Group Delay 1 Hz* Min Max Avg
Signal to Noise Ratio
by Modulation 1 Hz* Min Max Avg

State Of Polarization
Change Rate 1 Hz* Min Max Avg

2nd Order Polarization
Mode Dispersion 1 Hz* Min Max Avg

OSNR by Polarization 1 Hz* X-Pol Y-Pol
Received Total Optical Power 10 Hz Current
Received Total Optical Power 1 Hz* Avg
Received Signal Power 10 Hz Current
*Shortest performance monitoring interval configurable

Table 3.1: Selected Performance Monitoring Registers for Evaluation.
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Figure 3.1: The Acacia AC1200 DWDM Transponder Module.

Several limitations became apparent after conducting initial calibration tests
using the available network metrics: (i) The reporting interval was too long to
retrieve our signals of interest. While metrics used the configurable Performance
Monitoring (PM) value, with a minimum refresh rate of one second, almost all of
our signals of interest for sensing applications would occur at 8-30 Hz (see Section
3.3.4). (ii) Reporting options such as minimum, maximum, and average values
fundamentally obscure signals that could be used to detect oscillating patterns
that can be generated by vibration. Furthermore, the reliability of the reported
information was vague in terms of how the average values were calculated for a
given metric. (iii) Network metrics that were available at faster reporting rates
are produced after the initial reception of the signal. That is, signal processing
effectively removes small disturbances that may have occurred due to environmental
effects, and any effects that do not result in significant degradation of power or
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signal cannot be captured. (iv) The granularity of the State of Polarization (SOP)
change rate was designed to detect large disturbances, such as lightning strikes.
Any effects that would cause small strains on the fiber would not register beyond
the reported value. Although the information reported is sufficient for the intended
operation of the transceiver, these metrics and their reporting method were not
viable to capture our signals of interest. These issues highlight that adapting an
optical communication transceiver for opportunistic environmental sensing is not
straightforward.

During evaluation of the management interface, we also considered capturing
the constellation information of the incoming signals. The device and management
interface can sample data at high rates, but it only captures a single group of 4,000
to 6,000 adjacent symbols per request. Given the order of magnitude of symbol
rates above 20 GBaud, this would not result in a meaningful sampling rate given
the design of the AC1200 transponder.

We configured the transceiver to transmit and receive data modulated via Dual
Polarization 64-ary Quadrature Modulation (DP-64QAM) format for the duration
of our experiments. To extrapolate the polarization state for our measurements,
the vendors provided additional firmware and software that collects and integrates
information from the adaptive equalizer during signal recovery1. This results in
a sufficiently accurate reconstruction of the polarization state from the receiver’s
perspective at a non-periodic reporting rate of 13 to 18 Hz.

This polarization state is stored in the device’s registers as a partial Stokes vector
(normalized parameters S1, S2, and S3). These values and any other requested
PM registers are polled by the vendor software that resides on a client via the
management port. The software retrieves and formats these values pairs each
with a timestamp generated from the elapsed running time and stores the running
output to disk for processing.

A significant issue we had to address was the calibration of the measurement
timing. The AC1200 does not synchronize the internal oscillators with an external
source, such as Network Time Protocol (NTP) servers, as it does not serve any

1Specific details on how these measurements are generated are proprietary to the device vendor.
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Figure 3.2: Timing analysis of AC1200 Stokes parameters and time-synchronized
geophone readings. (top) shows 4 seconds of drift after 10 minutes of capture and
(bottom) 31 seconds of drift after 50 minutes of capture.

purpose for normal data transmission. Furthermore, we discovered an error in the
external timestamp generation function that caused a temporal drift in reporting.
Figure 3.2 shows the results of a synchronization test between the AC1200 polar-
ization reporting software and our geophone. To mitigate this effect, we created
a wrapper around the vendor-provided software. We reset our capturing system
every 59 minutes, with an average loss of about 15 seconds of recorded time ev-
ery hour. After we implemented our clock patch, the timing was relatively stable.
We adjusted the values reported during post-processing to align the recordings
with measurements from the vertical axis geophone of a Raspberry Shake RS3D
seismograph [76], which were time-synchronized using NTP.

Because the measurements focused on the polarization state, we sought addi-
tional parameters to enable the most accurate and sensitive reporting possible. The
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AC1200 can be used for submarine transmission applications, where precise polar-
ization state measurement is possible and beneficial. We conducted an extensive
series of tests modifying relevant parameters, including fast-tracking polarization
mode, modulation formats, cross-polarization gain settings, and power-level set-
tings, to determine the optimal settings for our experiment. After evaluating the
distribution and variation of the reported values, we conducted our laboratory and
field experiments with the fast polarization mode (typically utilized for long-haul
submarine links with disabled cross-polarization gain).

3.3 Methodology
After determining the optimal settings for our test system, we conducted a series
of controlled laboratory tests and field experiments to measure the relationship
between the displacement of a fiber optic cable and the polarization at the receiving
endpoint of a fiber optic cable. Given that polarization transients occur due to bend-
ing, twisting, and applied pressure to a fiber optic cable, polarization measurements
are an ideal candidate for environmental sensing [40].

3.3.1 Static Angle Tests

Our first objective was to characterize polarization transience due to repetitive fiber
strain to correctly interpret environmental events. We used a setup shown in Figure
3.3 to measure the resulting polarization from several static positions to measure
bending strain. In this experiment a bare fiber (10 m) is used. The fiber is looped
four times around a 10 cm diameter transmit-side static anchor, bent around a
middle static anchor, and then looped four times around a 10 cm diameter movable
receive-side anchor. The fiber is kept under constant tension using a spring on the
entry anchor to ensure relative consistency. The angle from the static anchor to the
movable anchor is adjusted from 100 to 0 degrees in increments of 10 degrees, and
the mean polarization is recorded for each step. Each test was repeated 4 times,
with a middle anchor diameter of 7.5, 5.0, and 3.8 cm.
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Figure 3.3: Static Angle Test Setup. Averaged Stokes parameters were recorded as
the moveable anchor (bottom) was moved at 10-degree increments, from 100 to 0
degrees.

3.3.2 Vibration Plate Testing

Next, we conducted a series of experiments to determine the sensitivity of our
measurement system to vibration, seen in Figure 3.4. A fiber optic jumper cable (10
m) was taped to a vibration plate (a VG-100 Vibration Generator from Vibration
Test Systems [107]) that was 15 cm wide with adjustable frequency and amplitude.
To ensure that an isolated portion of the fiber was subjected to the test, the fiber was
adhered to a static frame 13.5 cm away from both sides of the vibrating plate with a
small amount of slack to prevent damage. The transceiver and any fiber outside the
vibration assembly was routed to a separate table 2 m away. The vibration frequency
in our experiments ranged from 0.3 to 12 Hz (frequencies selected to align with
the Nyquist limit of reporting by the AC1200), and the amplitude was measured
using a displacement sensor and an accelerometer attached to the vibrating plate.
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Figure 3.4: Vibration Plate Test Assembly. The fiber was vibrated on a 15 cm plate,
and different fiber lengths were tested by adding two test spools (not shown) to
determine the attenuation of the signal of interest.

We also assessed the effect of additional fiber lengths up to 17 km by inserting test
spools into the fiber path after the vibrating assembly but before the receiving end
to determine any signal attenuation.

3.3.3 Campus Route Monitoring

After completing laboratory experiments, we connected our system to a campus-
scale fiber path consisting of an optical route of 4 km across the campus that included
indoor and outdoor segments, shown in Figure seen in Figure 3.5 [103]. The indoor
path was routed through several telecommunication rooms and between floors
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of each building with a loopback adapter at the distant end. The outdoor path
has an 80-m section that parallels and crosses underneath an active freight railway
and traverses underneath several downtown streets. The fiber path beneath the
railway was installed inside a steel conduit at a minimum depth of 5.5 feet below
the surface according to state regulations [108].

To assess the sensitivity of different portions of the fiber run, we physically
agitated armored cable and external fiber slack loops and subjected the fiber splice
cases to physical shock. To detect the vibrational effects of nearby passing trains,
we used geophone readings at the fiber egress point (located in the basement)
approximately 20 m from the railway. We also used a truck-mounted weighted tap
test device at more than a dozen locations along the outdoor fiber path. During
initial monitoring, it was discovered that a main air-cooling outlet in the network test
laboratory was positioned directly onto the rack where the AC1200 was installed
and caused visible movement of the fiber under test. We created air baffles to
reduce this unwanted effect and adhered the fiber patch cable to the floor-mounted
equipment brackets to protect the fiber from the direct airflow path. We monitored
this route for two weeks and correlated the results with the geophone data to
determine polarization transience due to passing freight trains.

3.3.4 Train Signal Characterization

Train vibrations captured on the geophone have a distinct and pronounced signature.
For every recorded passing train, the most significant vibration occurs as the engine
passes, followed by the trailing cars. The predominant vibration frequency captured
on the Raspberry Shake ranged from 8 to 30 Hz. Train events lasted from 30 seconds
to several minutes, depending on the number of trailing cars. Due to the difference
in the bandwidth of reported frequencies between our sensing system and the
geophone, we also collected video recordings of passing train cars to analyze the
average speed and determine the expected frequency of sub-Hz wheel noise when
transiting over a rail segment gap. We estimate the train speed passing by the
building to be 18.5 km/h and that a single 20-m train car would pass every 3.6
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Figure 3.5: 4 km campus optical fiber route characterized for physical disturbances.
Red line denotes historical map data, cyan line denotes fiber detected via DAS and
tap testing.

seconds, on average. At this speed, the time between wheel assemblies in a single
car traversing a rail segment gap is approximately 2.7 seconds (0.37 Hz).

3.3.5 Custom Fiber Installation

Although the previous experiment would give us an accurate understanding of
environmental sensing on network communication fiber in a metro area setting, it
would not explore what is possible given a route with a more advantageous location
affected by environmental disturbances. To assess the sensitivity of our system
in more detail, we installed a 9/125µm OS2 duplex fiber optic patch cable (100
m long) with a loop back adapter that ran parallel to the railway approximately
60 m in a drainage ditch adjacent to the rail ballast. The initial fiber was installed
at approximately 1 cm depth along the railway. However, varying moisture in
the soil of the drainage ditch reduced the coupling between the fiber and the
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Figure 3.6: Satellite map of custom fiber run estimated in yellow installed next to
freight railway (left). Ground-level picture of installed fiber location with burial
location highlighted (right).

surrounding soil along the route. During several weeks, the installation was tested
and temporarily improved by adding more than 225 kg of soil and sandbags to
ensure a firm fiber coupling to the ground along the length of the railway-adjacent
section. The fiber was partially uncovered to enter a signal pit connected to the
building fiber egress. The approximate fiber route can be seen in Figure 3.6. This
route was monitored for two weeks and correlated with data collected from the
geophone.

3.4 Results

3.4.1 Static Angle Results

Figures 3.7 and 3.8 show the Stokes parameters during static testing. There are
two types of transient signatures evident in the plots. As the movable anchor is
repositioned at each step interval, there is a sharp change in the Stokes parameters.
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Figure 3.7: 2D plot of Stokes parameters during static testing shows two transient
effects with a 3.8 cm diameter static anchor.

Additionally, gentle sloping of the parameters results from the fiber slack outside
the experiment adjusting to a new resting position. Changes in the circumference
of the middle anchor from 7.5 cm to 3.8 cm did not reveal substantial changes in
polarization transience. Although not identical, the results of repeated tests show
similar polarization change patterns as the movable anchor and fiber cable adjusted
throughout each test. The polarization rotation rate (PRR) remained relatively
small and constant during these experiments.

3.4.2 Vibration Plate Testing Results

Figure 3.9 shows a continuous wavelet transform (CWT) of the recorded response of
a single Stokes parameter during vibration plate testing from 1 to 12 Hz. The CWT
function provides a clear time and frequency localization of response signals, useful
in our application for displaying responses that may be nonstationary and complex
in nature, such as a passing train engine or train car sections. Lower frequency
vibrations generate a stronger response versus higher frequency vibrations, with
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Figure 3.8: 3D plot of Stokes parameters across four tests with a 3.8 cm diameter
static anchor shows repetitive polarization transience.

a significant reduction of response occurring approaching 7 Hz, although strong
and consistent vibration at 9 Hz is perceptible. Second-harmonic frequencies were
also detected during testing. Frequencies generated by the vibration plate as low
as 0.3 Hz were detectable. Upon modification of the vibration amplitude and
measurement of the displacement of the vibration plate, vibrations with movement
as little as 2 mm were detected in at least one of the Stokes parameters. Regardless
of the distance of the fiber cable from 100 m to 17 km, or the location of the vibration
source on the fiber cable, vibrations were detectable provided that the entire fiber
outside of the vibration plate assembly remained undisturbed.
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Figure 3.9: CWT of Stokes parameter S1 on a 17 km fiber length. Callout boxes
indicate vibration plate test frequency.

3.4.3 Route Characterization

The results of physically manipulating the campus fiber inside the buildings show a
distinct response to the change in polarization. The locations where the individual
fiber could be manipulated with the least physical protection showed the highest
response. Segments where the fiber was protected in an armored or buffered cable
were less sensitive but showed a sloping response as the cable slowly returned to a
resting position. Figure 3.10 shows the results of disturbing different fiber portions
under test. Physical shock to the splice trays showed a sharp response (left) as
the splice tray adjusted inside the housing but quickly returned to a new resting
position. Fiber displacement in a slack roll of 5 cm (middle) showed rapid changes
but gradually returned to a similar resting position. On the fiber routing racks,
opening the routing tray that held the fiber under test (right) produced a sharp
and flat change as the tray was opened and closed.

The results of the external fiber tests on campus were less revealing. Polarization
measurements did not detect tap testing on the road surface above the external
fiber route. Furthermore, the results of monitoring the campus fiber during eight
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Figure 3.10: Results from route characterization. Plots of Stokes parameters during
physically tapping a splice tray (left), agitating a slack loop about 5 cm (middle),
and opening and closing a routing tray (right) show distinct signatures that can be
characterized.
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train events during the two-week span did not substantially impact the polariza-
tion state. The lack of response is attributed to high ambient building noise and
significant shielding of the fiber route along and below the railway, reducing the
coupling to vibrations of interest. This makes sense from a network communication
perspective, where those deploying fiber would take precautions to limit exposure
to environmental noise.

3.4.4 Route Monitoring

Using geophone data, we identified seven train events during the observation
period. However, the custom fiber run did not show strong correlations with the
vibration captured by the geophone as the trains passed by the cable. In five of the
seven identified train events, the most significant polarization changes occur slightly
before the train passes the fiber, but not during the event. The two other train events
registered slight low-frequency polarization transience as the train passed by the
cable. Figure 3.11 shows two sets of spectrograms from the continuous wavelet
transform of geophone readings (above) and a continuous wavelet transform of
Stokes parameter S1 recorded from the transceiver on the custom route (below).
Stokes parameters were post-processed to adjust for timing and detrended by
rotating to a 30-second mean vector, following methods introduced by Zhan et
al.[10]. Increases in low-frequency vibration from 0.3 to 0.5 Hz were recorded
around train events, but were not definitively correlated with the signals recorded
by the geophone.

Figure 3.12 shows the Stokes parameters for one week on the custom fiber run
next to the railway. The local temperature and precipitation were collected from
monitors at a nearby airfield. Slower polarization transients show a strong corre-
lation with changes in outdoor temperature. The diurnal cycle is observed in the
recorded polarization, and there is a significant change during rainfall on the sixth
day. Small spikes in polarization during daylight hours and one significant distur-
bance before the rain event that produced a minor but permanent displacement
of the cable are attributed to pedestrian traffic across the buried portions of the
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cable, with the least amount of disturbance occurring during rainfall and on the
third captured day, a Sunday. We observed that the drainage ditch adjacent to the
railway formed a natural dirt path for pedestrians.

3.5 Discussion
Our findings indicate that network communication hardware that can produce
polarization measurements has limited efficacy in a general ground sensing envi-
ronment due to sampling frequency and fiber coupling limitations, but can still provide
significant capabilities to offer insight on environmental changes on a fiber run.

3.5.1 Polarization Transient Signatures

During the experiments, we observed four distinct types of polarization transience.
The first is the constant variation of polarization from one reading to the next,
which we attribute to inherent vibration and electrical changes in the transport
system and surrounding environment, which form our noise floor. The second
is quick, discrete changes in polarization, which can be attributed to the physical
displacement of the fiber route. The fiber is moved and finds a new resting position.
The third signature is a sloping transient that occurs if the fiber relaxes as a result
of displacement or a change in the physical environment in which the fiber lies.
The fourth is an extremely slow change in polarization, which we attribute to the
temperature of the cable as the fiber core and cladding expand and contract when
heated or cooled.

3.5.2 Static and Vibration Laboratory Testing

Our static tests reveal that while an initial displacement of a fiber can unpredictably
change the polarization, repeated changes closely correlated with a previous dis-
placement without physical displacement of the fiber path will behave similarly.
Vibration testing reveals a maximum frequency detection rate of about 7 Hz (con-
sistent with the Nyquist limit for our system), with lower frequencies showing
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more prominence in polarization change. There was no detectable floor for mini-
mum vibration. Increasing the fiber length does not reduce the detection of fiber
deformation, provided that the rest of the fiber remains static and does not undergo
additional environmental changes.

3.5.3 Real-world Route Responses

Disturbing portions of the fiber in different ways shows distinct transient polariza-
tion patterns. Moderate and temporary changes to the geometry of the fiber by
displacing the fiber show clear and identifiable changes, which are obvious and
easy to detect, even at sub-Hz sampling rates. Larger displacements permanently
change the resting geometry of the fiber once settled, which can be seen as both
a positive for identifying disturbances along a fiber span and a negative for cre-
ating baselines for more subtle movements. This highlights the efficacy of cable
security monitoring for sensitive areas as an application [109]. Longer environmen-
tal transients, such as temperature changes, can be detected effectively and may
have useful applications for fiber deployed across areas sensitive to temperature
changes. Ambient vibration sources from indoor equipment can cause additional
polarization transience, which can obscure signals of interest.

3.5.4 Train Sensing

Although trains generate a considerable amount of energy that can be easily de-
tected using standard seismic sensing equipment, it was challenging to distinguish
train events in our data accurately. The recorded responses to train events during
data collection did not exhibit the expected prominent characteristics. Although
other studies have demonstrated the efficacy of fiber optic sensing for trains by
training machine learning classifiers [101] or phase-based measurements [110],
we focus on identifying the limitations of opportunistic environmental sensing.
These limitations can be attributed to various factors: (i) freight trains generate a
more pronounced frequency response within the 10-50 Hz range, exceeding the
maximum frequency detection rate of our system, (ii) cancelation of the phase of
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the vibration signal may occlude signals when the locomotive is positioned directly
next to the fiber run section that runs parallel to the track, and (iii) our signals of
interest were masked by disturbances from other noise sources along the route,
such as ambient equipment vibration and pedestrian traffic.

3.5.5 Considerations of Optimal Fiber Placement for
Environmental Sensing

Fiber coupling to vibration sources is critical for sensitivity, especially when inte-
grated polarization measurements are collected at the end point. Communication
fiber routes are intentionally engineered to stay out of reach from routine indoor
activities, and outdoor cables and conduits are designed to reduce the impact of
environmental effects. For train sensing applications, direct burial of the sensing
is recommended at a maximum depth of 60 cm [111]. However, government and
industry regulations for communication utility installations may require encasing
conduits and significantly deeper burial depths [108], which will reduce the en-
vironmental effects of train vibrations, reducing sensitivity. Exposure to sources
of noise from indoor buildings, such as power generators, air conditioning sys-
tems, and elevator machinery, will also introduce unwanted effects on minimally
protected fibers. Fiber sensing applications should limit and shield indoor seg-
ments of fiber runs to avoid exposure to competing signals. Ideal routes for sensing
should be in areas with low ambient noise and where fiber is strongly coupled to
surfaces that are expected to produce signals to report clear polarization transience
measurements.

There are several actions that can be taken to provide capabilities for both
communications and sensing applications on the same fiber despite their competing
requirements. First, optical transport equipment should provide an additional
capability for reporting state-of-polarization information with a minimum of 50 Hz
sampling rate to detect anthropogenic effects. Additionally, the fiber route should
be strongly coupled to environmental effects that are desirable for measurement,
such as a medium that propagates vibrations of interest or exposure to areas where
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temperature may change. Care must be taken to ensure the cable is protected from
physical damage and significant disruption of communications data that cannot
be compensated by optical transport DSPs. Lastly, the cable should be shielded
from ambient indoor effects than can occlude targeted polarization transients due
to the nature of integrated responses. By implementing these strategies, optical
fibers can be optimized for both communication and sensing, ensuring robust data
transmission while effectively monitoring environmental changes.
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4 homebrew: low-cost polarimetry based
environmental sensing on optical fiber

4.1 Introduction
Several recent studies have considered the efficacy of using polarization transient
measurement in light transmission through fiber for ground motion and environ-
mental sensing. Examples include identifying earthquake signatures in subsea
cable infrastructure [10], detecting temperature changes and high-speed train cross-
ings [21, 101] and detecting vibrations induced by adhering a portion of an optical
fiber to speakers [112]. Although these studies have demonstrated the utility of
polarization transience measurement for sensing, they have benefited from fiber
optic cables placed in relatively low noise settings with strong coupling between
cables and the environment, and where large dynamic disturbances are plainly
visible. However, optical communication fibers in long-haul and especially metro
environments are potentially noisier and mechanically uncoupled from the signals
that we wish to detect.

4.2 Overview of Research
After assessing the capabilities and limitations of our previous research with com-
modity transport equipment, we focus on finding a solution that provides a broader
range of sensing capability. Tracking polarization state and transience was effective
at detecting changes in temperature and physical displacements in a deployed fiber
optic cable but ultimately limited in its sensitivity by a low sampling rate.

Several other studies have shown that higher rates of polarization tracking are
effective at detecting displacement events in fibers. Polarimeters have been used
to study the long-term transience of PMD in a 128 km cable run [102]. They have
also been used to investigate changes in the polarization of aerial fibers correlated
to temperature variation and wind galloping effects [20, 100]. Another use of
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polarimeters enabled the detection of trains passing along fiber sections and pro-
cessing the output through a convolutional neural network [101]. Polarimeters
have also been used in demonstrations that utilize polarization tracking as a means
of detecting physical tampering and intrusion detection [113, 109]. Although these
works show the efficacy of using polarization transience to detect external events,
their research involves using fiber optic cables in idealized settings where large
disturbances are plainly visible. A fiber optic run in a metro environment is both
much more noisy and more protected from the signals that we wish to detect.

While commercial polarimeters can provide detailed information about polar-
ization, they can also be prohibitively expensive for our purpose of creating an array
of internet based sensors. Therefore, we aim to construct a low-cost polarimeter
that can provide valuable insights into polarization states and transience by offering
a sampling rate higher than our previous experiment using a commodity optical
transciever. Other studies have also focused on developing low-cost polarimeters
to monitor transience and correlating events. In particular, Simisarian et al. investi-
gated detecting the effects of physical strikes on fiber optic cables by constructing a
two-arm polarimeter that utilized a half-wave plate and a polarizing beam splitter
[24]. This setup was replicated in other research to detect temperature changes and
high-speed trains crossing rail bridges on a 40 km fiber route [21]. Furthermore,
the two-arm polarimeter design was used to identify speaker-induced vibrations
through K-means clustering [112].

Our study introduces a new ’homebrew’ polarimeter for use in urban environ-
ments toward the goal of enabling the broad deployment of polarization-based
sensors in Internet infrastructure. Specifically, we developed and examined a novel
low-cost, four-arm system that can provide detailed polarization transience mea-
surements at high sampling rates. We implemented this system in two different
fiber cable configurations to assess its ability to capture events such as train traffic
on nearby tracks. Our findings show that the polarization-based detection of train
traffic in an urban environment is highly dependent on the coupling of fiber to
infrastructure subjected to ground motion and that the use of optical fiber used in
Internet communications may not be universally effective.
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4.3 Two Arm Low-Cost Polarimeter Assessment
Although commercial polarimeters provide complete information on the polariza-
tion state, they can also be prohibitively expensive for the purpose of creating a
network of Internet-based fiber optic sensors. Therefore, our goal was to construct
a low-cost polarimeter that can sample the polarization state at a rate sufficient for
measuring a wide range of ground-motion signals. Previous studies [23, 21, 24]
have developed low-cost two-arm polarimeters to monitor transient events. In this
system, the incident light is passed through a polarization beam splitter (PBS). The
two resulting light paths are measured by a balanced amplified photodetector, and
the Polarization Rotation Rate (PRR) is calculated from the outputs. However, the
sensitivity of this system is a function of the polarization axes of the incoming light
relative to the orientation of the PBS. Large areas of the Poincaré sphere can have a
reduced sensitivity to polarization transients [21].

4.3.1 Two Arm Polarimeter Design

For our initial design of the two-arm polarimmeter, we chose to recreate this device
using a free space optics design. The system was constructed with a 50 mW 1550
nm continuous-wave laser source that passes through a collimeter. A quarter wave
plate polarizes the beam before entering a polarizing beam splitter cube, which is
then intercepted by two photodetectors. A diagram of the free space setup is seen
in Figure 4.1. The voltages of these photodetectors are then recorded by a Picoscope
3406D collecting at a sampling rate up to 200 KHz, and compared to each other in
order to detect the polarization rotation rate using the following equation [24]:

PRR = 2 sin−1
(

1
2∆|

V1 − V2

V1 + V2
|

)
1
∆t

(4.1)

where V1 and V2 are the output voltages reported by the photodetectors, and ∆t
is the sampling period. Initial testing of the design proved successful, but showed
limited fidelity due to the small gradients between voltages recorded.

Our initial design showed successful results in initial vibration testing. Changes
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Figure 4.1: Free space configuration of a two-arm polarimeter.

Figure 4.2: Initial inline configuration of the fiber-path 2-arm polarimeter.

in the fiber geometry across the vibrating plate were reflected in the changing
voltages in our two photodetectors. In order to improve the portability of our
sensing system, we included a linear polarizer before the sensing region of the fiber,
replaced all free-space laser paths with fiber paths, and exchanged the PBS with an
in-line orthogonal polarizing splitter. A diagram of our improved setup is shown
in Figure 4.2.

Calibration testing of our inline design involved applying a 15 Hz vibration
through a plate on the sensing area of the fiber. Our initial tests show a significant
improvement over the free-space design with fewer reported outliers. We attribute
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this to reduced attenuation and precision in keeping the light contained within
the fiber. However, results from our calibration vibration test show a distributed
range of polarization rate during vibration, as seen in Figure 4.3. During this test,
we collected five seconds of the fiber at rest, then vibration at 15 Hz with three
steps of increasing amplitude at ten seconds each, then five seconds at rest. The
plot showed a continuous uniform distribution of polarization rates from zero to a
maximum value dependent on the power of the induced vibration. We attribute
this to the instantaneous capture of orthogonal polarization state transience, which
is not constant during the fiber’s movement.

4.4 Construction of Four-Arm Polarimeter
To improve sensitivity and expand the capability of polarization monitoring, we
developed a polarimeter design that includes an optical tap to evenly split the
incoming light into two independent two-arm measurements, as seen in Figure
4.4. We placed manual polarization controllers before the orthogonal splitters of
each branch. The incoming polarization to each of our two-arm systems can be
manipulated with these controllers that simulate a series of two quarter-wave plates
(QWP) and one half-wave plate (HWP) in-between the QWPs. This configuration
allows any incoming polarization to be adjusted to an arbitrary polarization [114].
To initialize our calibration, we manually configured the polarization controllers
to send an even amount of energy (sum of balanced detector channels) through
each of the four arms. We then induce a small test vibration on the fiber under test
and ensure that the balanced output from each branch is near zero and tuned to
maximum and minimum sensitivity to the test.

This procedure was validated by adding a ThorLabs PAX1000 commercial po-
larimeter [115] to monitor the incident light entering our polarimeter. The results of
this test are shown in Figure 4.5. The recorded voltages show key similarities to the
commercial polarimeter outputs, where the two incoming orientations (A-B and
C-D channels, respectively) are observing different levels of transience, similar to
the differences in the Stokes parameter outputs from the polarimeter. Although this
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Figure 4.3: Polarization Rotation Rate of inline polarimeter design on a 15 Hz
vibration plate with increasing amplitude steps.

configuration is adequate for our experiments, additional calculations to determine
the optimal configuration follows in Section 4.7.2.

Our key innovation is that adding a second, two-arm system with a different axis
orientation enabled us to maintain sensitivity when a single PBS might have missed
a rotational change. The total cost of the components in our system was approxi-
mately $6,000, comparable to low-end polarimeters, and can achieve sampling rates
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Figure 4.5: Results from a ThorLabs PAX 1000 commercial polarimeter (top) and
our expanded four-arm polarimeter (bottom) from a 1 Hz validation test.
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of 500 kHz in short-term measurements and 1 kHz for long-term measurements.

4.5 Experiment Methodology
We began by performing laboratory tests to assess and calibrate our system. In
order to determine the impact of fiber coupling in polarization-based sensing, we
then conducted a series of experiments by varying the cable coupling to a vibration
source. First, we attached a section of 20-meter indoor fiber optic cable to the inside
of a basement exterior wall with utility tape. The wall is approximately 15 meters
from the freight rail and travels roughly parallel along the measured length. The
fiber was attached to this wall in sections 1-, 2-, and 4-meters long. This room
was not temperature controlled and ambient noise emitted from building cooling
systems and equipment was present.

Second, we captured the polarization transients on a 4-kilometer urban campus
fiber route, same as in Section 3. This route passes underneath and next to active
freight railway tracks and under several campus and city roads through conduit
and returns along the same path via a fiber loopback adapter at the distant end. Our
homebrew polarimeter was placed at the fiber termination point in a temperature-
controlled telecommunications room with large amounts of acoustic and airflow
noise compared to the basement wall configurations.

During data collection, we used readings from a vertical-axis geophone[76] at
the same basement location as the wall configurations to determine the amount of
vibration produced by passing trains. Our system collected samples at 1 kHz from
the balanced outputs of our homebrew polarimeter, as well as a single monitor
reading from each balanced photodetector to calculate PRR [21]. By taking a
weighted average of the two balanced filtered outputs based on a spectral forecasting
algorithm [116], we found that the maximum of the band-filtered spectrogram
clearly showed train events.
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4.6 Results
Over a 35-day period, we captured 19 responses from passing freight trains on our
polarimeter and geophone, with 14 responses on our basement wall configuration,
and five on the 4-km campus route. Each collection was carried out continuously
over several days with the same calibration and fiber configuration and contains
between two and five train traffic events. The strongest responses to passing trains
are recorded when the freight engine passes near the building, followed by the trail-
ing freight cars. The responses recorded by the polarimeter contained occasional
peaks associated with low-frequency vibrations when the fiber was disturbed so
as to cause the fiber to set in a new position. During the passing of the freight
engine, occasional peaks were seen at 60 to 70 Hz. However, the predominant and
consistent responses were localized from 24 to 32 Hz during the train event. The
results of the responses and the comparison of the mean spectral power maximum
over 30 minutes after the start and end of a clear train response are shown in Figure
4.6.

Depending on the configuration of the optical fiber route, the spectral response of
the passing train was more pronounced against the ambient polarization transience.
To quantify the level of response, Pearson’s correlation coefficients were calculated
on the responses of the polarimeter from 22 to 38 Hz and the geophone two minutes
after the start and end of the train vibration, as shown in Figure 4.7. We quantified
any correlation greater than 0.4 to signify a positive response from our polarimeter.
The tests recorded on the campus fiber route did not show a response to vibrations
from train traffic on our polarimeter. However, our indoor basement installations
show a distinct short-term transience during train events that correspond to the
readings on our local geophone. The 4-m fiber route with the longest wall coupling
length was more pronounced and consistent in each response to a passing train.
Shorter-length couplings were less responsive and inconsistent in recording a
response.

A slow polarization transience was observed for up to 24 hours after installation
as the fiber cable settled to a new resting position after being disturbed. Our
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four-arm design was able to capture train responses in one or both arms despite
long-term changes in polarization. In some events, sensitivity banding of the train
response can be seen when the vibration changes the polarization parallel to an
arm’s orthogonal split. PRR was calculated for every train event. However, PRR
responses to train traffic events were not distinguishable above the ambient rotation
rate and were not an effective metric to measure small fiber strain responses.

4.7 Discussion
The results of these experiments successfully demonstrated the potential of ground
motion sensing through optical communications infrastructure in an urban envi-
ronment, as well as the importance of strong coupling to vibration mediums for
measuring environmental effects with polarization transience.

4.7.1 Results Analysis

Measurements taken from the 4 meter strongly wall-coupled fiber optic path
show strong consistent responses to train events. Two responses were success-
fully recorded on the 1 meter coupled route, but incurred a low accuracy rate.
Sometimes, responses were predominantly seen on one arm, indicating a more
robust sensing range.

Campus route collections were unable to detect vibrations caused by train traffic.
We believe this is due to two reasons; that the portion of the fiber run susceptible
to vibrations from a passing train has been engineered to reduce the coupling to
ground noise in order to allow minimum interference for optical communication,
and building noise, such as other communications equipment or air conditioning
systems along the route, introduce unwanted polarization transience, which raises
our noise floor above the desired signal response. For optical communication routes
to be useful for ground sensing, they must be tightly coupled to a vibrating medium
where a response is expected. This level of coupling required for effective sensing
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Figure 4.6: Spectrogram of signal responses during a train event (top) from the
polarimeter combined output and the geophone. Plot of mean spectral power
maximum for one hour with train event (bottom) from the polarimeter and the
geophone.
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Figure 4.7: Plot of recorded train events by coupling length (color), maximum
geophone response (x-axis), and Pearson correlation between geophone and po-
larimeter response for two minutes before and after train event (y-axis).
on urban fiber optic routes may need to be individually evaluated for sensing
applications.

4.7.2 Calibration Optimization

Our four-arm polarimeter is designed to increase the observation range for po-
larization transience. For conducting our real-world experiments, we opted to
conduct an efficient calibration sequence by tuning the two systems to measure the
minimum and maximum sensitivity of a reference vibration, detailed in Section
4.4. We expect that optimally tuning the incoming polarization of both arms will
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result in a significant increase in measurement performance. Previous literature
concerning the effectiveness of the original two-arm polarimeter provides some
insight on how to achieve this from a theoretical perspective.

The original publication of the two-arm polarimeter by Patterson notes that the
basic operating principle of measurement relies on the function of the beamsplitter.
If the incident light polarizaton is angled at a 45° to the beamsplitter axis, a balance
of power is achieved between the outputs [23].

Simsarian and Winzer used the two-arm polarimeter design to illustrate fiber
break detection. For their analysis, they conducted an empirical evaluation using
repeated hammer strikes on a fiber under test. After 58 iterations, they compared
the maximum PRR recorded from the two-arm polarimeter against a commercial
polarization analyzer, reporting an approximate 40% loss of sensitivity of the two-
arm design [24]. Maximum PRR can be useful for determining the levels of response
to significant disturbances, such as hammer strikes. However, our initial evaluations
discovered that the use of PRR to measure small vibrations can lead to inconsistent
results.

Barcick and Munster used the two-arm polarimeter to measure transience re-
sulting from vibrations of high-speed trains over a rail bridge. They report the
normalized sensitivity of the polarimeter based on the incident polarization to the
beam splitter as:

ε =
1
2(sin2 (2ψ) + sin2 (2χ− 2ψ)) (4.2)

where ε represents the relative sensitivity from 0 to 1, and the incoming polarization
parameters χ and ψ are the respective ellipticity and orientation angles. We record
the corrected formula here, noting the published version originally transposed the
two polarization angles [21]. A plot of their equation on the Poincaré sphere can be
seen in Figure 4.8a. In contrast to Simsarian, this measure of relative sensitivity is not
based on the rate of change. Compared to their evaluation, the average sensitivity of
Barcick’s equation is 0.497, significantly lower than Simsarian’s empirical estimation.

Yao and Chen report on the use of polarization splitting for a different applica-
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tion, polarization multiplexing of two incoherent data channels. For their purposes,
the two channels use a power imbalance to recover the ellipticity and orientation
angles through:

∆V = cos 2χ ∗ cos 2ψ (4.3)

where ∆V is the power imbalance between the two signals [40]. While they find
maximum efficiency in demultiplexing two signals when maximizing the difference
in voltage, the two-arm polarimeter design finds maximum sensitivity when the
balance is zero between the two outputs. For our application, we take the compli-
ment of the absolute output of their equation in order to calculate sensitivity, which
can be seen in Figure 4.8b. The average sensitivity of their modified equation is
0.596, which corresponds to Simsarian’s results.

Both equations result in maximum sensitivity for measuring polarization tran-
sience when the incident polarization is rotated π/4 from the beamsplitting axis.
The optimal setting for our four-arm polarimeter requires the second arm to be
offset from the first by the same rotation to provide maximum coverage of the
incident light. The theoretical optimal sensitivity for our four-arm polarimeter
has been calculated both for Barcik and Munster’s equation in Figure 4.8c, and for
Yao’s equation in Figure 4.8d. We believe that the modified Yao and Chen equation
is more accurate for estimating the accuracy of the four-arm polarimeter, which
reports a mean sensitivity of 0.767, and an improvement of the minimum sensitivity
from zero to 0.298 across the Poincaré sphere.

Configuring the four-arm polarimeter to optimal angles can be accomplished
by aligning the incident polarization to between three degenerate state pairs and
ensuring that the four arm system is balanced on one pair, and the other pairs
alternate between zero and the maximum difference [41, 117].

4.7.3 Processing Pipeline

Data from the outputs of our four-arm polarimeter was captured using long-term
measurement settings and stored on the oscilloscope for post-processing. Due to the
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Figure 4.8: Relative sensitivity plots for incident polarizations for the original
two-arm polarimeter (a) and (b), and the calibrated four-arm design (c) and (d).
Left-hand plots (a) and (c) use Equation 4.2, and the right-hand plots (b) and (d)
use the compliment of the absolute output of Equation 4.3.
amount of time required to export the data, changes to the processing pipeline are
required in order to facilitate processing for near-real time detection of polarization
transients resulting from ground motion. Provided the data can be streamed from
an oscilloscope during collection, processing of the data to include frequency filters
and spectral forecasting would incur a minimal computational delay and could
then be sent to a monitoring platform for visualization and alerts. By constructing a
data-processing pipeline in this fashion, multiple systems could report polarization
transience from several sensing fibers which may or may not overlap along their
length. These minor changes can lead to reporting localized incidents or more
widespread ground motion events, thereby providing significantly more beneficial
information about the environment.
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4.7.4 Summary

Our polarimeter was effective in detecting small, fast vibrations emitted by passing
freight trains on the highly coupled fiber path. Additionally, the two paths that
split on different axes enabled detection over a wider range of polarization versus a
two-arm system. Although our system shows increased sensitivity to polarization
transience, it also highlights the importance of selecting fiber routes which are
most attuned to signals of interest through strong coupling. Fiber installed for
communication applications may not be universally sensitive among all routes, but
the right conditions can reveal important information about environmental effects
that occur on and around our communications infrastructure.
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5 seismospeckle: practical specklegram sensing on
optical communications fiber

After exploring the use of polarimetry-based sensing on optical networked com-
munications fiber, we conduct research on alternate methods of measurement. We
introduce a novel, ultralow-cost specklegram sensing on communications fiber to
evaluate its efficacy in monitoring changes in modal intensity caused by mechanical
deformation along fibers. Our setup comprises various lengths of a single mode
(SMF) OS2 optical fiber, a Visual Fault Locator Laser (650nm, 30mW), and a Black-
fly S FLIR Camera with an 8mm lens and 150 fps to record projections of light
into an enclosure. With this low-cost setup, we develop an efficient data process-
ing pipeline to measure transient interference patterns resulting from fiber strain.
We then measure the effect of attenuation caused by fiber length as a function of
the location of the mechanical excitation and the accuracy of the measurements
compared to geophone responses. We evaluated excitations caused by localized
and distributed bending in different fiber sections at frequencies 50 Hz and below
(to meet Nyquist frequency conditions). We then deployed our sensor to monitor
vibrations on a basement wall near a freight railway for more than three weeks
and measure the correlation between our sensor and a co-located geophone. Al-
though the results are contaminated by different environmental noise levels, noise
reduction and strong coupling of the fiber to a vibrating structure show positive
correlations between mechanical excitations and speckle response. These results
form a foundation for practical, low-cost, and minimally intrusive applications of
deformation and vibration detection via optical network infrastructure.

5.1 Overview of Research
In this study, we investigate and assess the application of fiber specklegram sensing
as a method for detecting alterations in a fiber’s geometry to facilitate environmental
sensing with optical internet fiber. Specklegram sensing involves using a laser



73

source to monitor small changes in a fiber’s geometry by analyzing the changes
in the interference pattern created by imperfections in the fiber. These changes
can be caused by mechanical strain, temperature changes, or other environmental
factors, and can be quantified to monitor the state of the fiber for the intended
application. The technique has been successfully demonstrated in several works for
structural monitoring [86], detecting fiber curvature [87], and determining fiber
displacement locality [88].

We developed and tested a fiber specklegram sensor that can be deployed on
shorter metro optical links to provide an enhancement to existing physical sensing
systems at a reduced cost and minimal impact on communications infrastructure.
We describe our exploration process during development and prototyping, and
demonstrate a proof-of-concept system with low-cost parts showing the potential
capabilities that specklegram sensing on communications infrastructure can add to
deployed sensor networks.

5.2 Specklegram Sensing
Fiber specklegram sensing is a technique that uses a light source in an optical fiber
to monitor small changes in strain and geometry. The laser light passed through
a multimode fiber creates an interference pattern at the termination point. The
relative intensity for different points of the pattern is a result of the combined
intensity and phase correlation of the multiple modes of light traveling along the
fiber path after reflecting off the fiber cladding. The speckle pattern will change
as the length of the fiber experiences mechanical strain, temperature changes, or
other environmental factors. The changes in mode paths cause small changes in
the intensity of the speckles at the fiber termination point. By analyzing these
variations over time, changes in geometry integrated along the entire length of the
fiber can be detected and measured. These changes can quantify variations in the
fiber for the intended application [118, 39, 85].

Specklegram sensing fundamentally relies on the modal dispersion of coherent
light. Published literature involving this method uses the dispersion inherent in
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step-index multimode fiber to increase the sensitivity of their instrumentation, as a
higher number of modes will result in higher resolution measurements [85, 86, 88].
Due to the high volatility of the projected interference pattern, several methods
involve splicing a singlemode-multimode-singlemode (SMS) configuration in order
to confine sensitivity to the testing portion of the fiber, as well as increase the
modality of the traversing light through the multimode portion of the fiber [93, 87].

A significant constraint for our application is that our sensing method must
rely on existing optical communication fiber installations optimized for efficient
long-distance communication wavelengths (such as 1550 nm), which is transmitted
through single mode fiber. Given this strict requirement for the transport medium,
it may first appear to preclude sensing that requires multi-modal propagation.
However, opportunistic leveraging of the characteristics and performance of lower-
wavelength light in this scenario leads to surprising results.

5.2.1 Specklegram Sensing on Single Mode Fiber

Step-index multimode fiber is characterized by an abrupt change of refractive
index between the core and the cladding. Light modes reflect off the cladding
and pass through the axial path, with higher-order modes traveling further than
lower-order modes. The fiber core of graded index multimode fiber is constructed
so the refractive index of the core gradually approaches the refractive index of the
cladding moving away from the center. This reduces modal dispersion and has
better performance for telecommunications. As opposed to multimode fiber, single
mode fiber has a small core (typically 5 microns) that is designed to constrain the
light to a single fundamental mode which minimizes attenuation and intermodal
dispersion. Fibers are manufactured according to specifications that dictate optimal
operational wavelengths. Any wavelengths that are below the baseline cutoff
(1260nm for OS2 fiber) will experience intermodal dispersion, refraction, and
dissipation [119]. Diagrams of each of these scenarios are shown in Figure 5.1.

Even if a fiber is not designed to transmit visible light, due to total internal
reflection, the fiber still performs as an optical waveguide, just with limited efficiency.
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Figure 5.1: Propagation of light modes for different fiber types and scenarios.

This property allows technicians to employ Visual Fault Locators (VFLs) on spans of
communication fibers for troubleshooting or repair. These devices are inexpensive
battery-powered LEDs that couple to optical fiber connectors. If a fiber break is
present, the damaged section of the fiber will illuminate through the thin plastic
jacket, allowing the technician to identify and repair the existing fiber instead of
requiring a new fiber installation.

For our purposes, the resulting dispersion from light below the fiber’s cutoff
wavelength can be used opportunistically on shorter spans to enable specklegram
sensing with significantly lower cost compared to more sophisticated equipment.

5.3 Seismospeckle Sensor Construction
To detail the development process of our specklegram sensor, we organized our ap-
proach as follows. First, we explain the initial construction of our proof-of-concept
sensor. We then describe our initial methods of using computer vision techniques,
and note our discovered limitations. We then describe our improved designs for
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our sensing system, using the knowledge gained through experimentation and
specklegram sensing literature.

5.3.1 Proof-of-concept Sensor

Our sensor uses a VFL as a light source [120] which produces a 650 nm visible beam
of light. As the visible wavelength is well below the wavelength cutoff designed for
the OS-2 fiber, the light traveling along the fiber will leak into the fiber cladding
and rapidly attenuate, with an anticipated maximum range of 3 km.

The VFL was coupled to a 10 m fiber optic cable. The cable was affixed to the
experiment board and then routed across several different instruments to explore
responses to different strain responses; tension was applied to the fiber using a
tension adjuster, looped around a 12.7 cm pipe cross section was for bending strain,
guided through a rotatable 2.5 cm pipe for torsion strain, and a solenoid motor
was used to apply 0.5 cm displacement of various frequencies at four locations
along the fiber. The fiber terminated at an FC connector with an 2.5 mm aperture,
which was clamped to the experiment board to ensure consistent readings. The
projected interference pattern was displayed on a target panel, placed perpendicular
to the direction of the fiber termination point at a distance of 0.5 m away. A FLIR
Blackfly camera with an 8mm lens is positioned directly above the termination
point and captures the changing projection pattern [121]. Our proof-of-concept
setup is shown in Figure 5.2.

The initial calibration results of our experiment revealed a detailed interference
pattern projected from the end of the fiber. This pattern changed over time as a result
of changes in strain placed on the fiber optic cable, with large variations in intensity
throughout the image. Figure 5.3 shows the transience patterns of the image
produced as the cable is disturbed and relaxes over time. These initial tests indicated
the potential for monitoring environmental effects on optical communications
infrastructure using visible light.
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Figure 5.2: Initial experiment of visible light analysis through fiber. Left frame
shows projection of visible light, right frame shows setup from light source through
10 m cable on evaluation board.

5.3.2 Initial Video Processing Pipeline

Modern cameras are designed to automatically process images in order to best
display the intended outcome and compress the resulting file storage space. As
our use case requires capturing rapid differences from an intense pattern of light,
we established a custom configuration for our camera to ensure that we collected
the intended data at a high frame rate by reducing the capture size, disabled
automatic gain adjustment, and disabled variable shutter rate. After identifying
the optimal setting for our camera, we were able to capture the projected speckle
pattern at a minimum of 65 frames per second. After our preliminary testing, we
first hypothesized that identifying light and dark ellipses in the speckle pattern
would be an effective measurement for detecting environmental changes upon a
fiber under test. To perform our analysis, we constructed a post-processing pipeline
capable of evaluating settings using several computer vision techniques. Our inital
pipeline was as follows:

• Channel Reduction. Our initial settings involved captures in red, blue, and
green channels. Given our projection was from a single coherent light source
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at 650 nm, each channel captured the intensity based on its relative quan-
tum efficiency, so we converted the three-channel images to single-channel
grayscale for further processing.

• Image Scaling. We set our overall image capture to 512 x 640 pixels to balance
between framerate and definition of the projection. Images of this size were
too large for timely processing, and further downsampling to 128 x 128 was
implemented at the expense of reduced definition.

• Shot Noise Reduction. Shot noise describes random fluctuations of photons
in low-light settings, resulting in rapid variation in pixel intensity for optical
sensors in low-light. To focus on the larger shape patterns of the projection,
we employed a 9 x 9 blurring kernel to reduce minor variations that did not
contribute to broader patterns.

• Comparison Filter. To identify changing intensities of each pixel, we em-
ployed several techniques for creating a reference image that was subtracted
from each individual frame. Establishing an initial baseline of the projection
pattern at the start of a capture produced reliable results versus filters created
from the entire capture set or a rolling average.

• Contrast. The resulting difference between an individual frame and the
comparison filter resulted in pixels with low contrast. We increased contrast
to increase the significance of the most pronounced changes between frames.

• Edge Detection. To identify the dark and light shapes in our image, we em-
ployed the use edge filters, including Sobel and Canny algorithms [122, 123].
These algorithms are designed to enhance sharp changes in pixel intensity
and are used frequently for computer vision applications. These techniques,
however, failed to produce reliable results in identifying intensity groups.

After evaluation, we concluded that shape detection would provide limited
value for sensing due to the large amount of processing and unreliable results. We
then looked to statistical methods that could more effectively describe changes in
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intensity for our images. Our first method that we assessed involved identifying
the brightest point of the full image. We utilized the formula presented by Rosin
for identifying the location of the intensity centroid C [124],

mpq =
∑
x,y
xpyqI(x,y),C =

(
m01

m00
, m10

m00

)
(5.1)

wherempq are the moments from the image, and I(x,y) is the intensity value
at a given coordinate. We evaluated measuring the distance between the intensity
centriod between successive images to infer environmental changes. Our initial
results could identify when the fiber was significantly displaced or strained, but
failed to respond to smaller perturbations from vibration testing due to the ambient
fluctuations in the centroid’s location.

We then performed a best-fit plane over the difference of each individual frame,
using each pixel’s X and Y coordinates, combined with its intensity Z. Each coeffi-
cient can be determined by using a least-squares solution [125],PQ

R

 = (ATA)−1ATB (5.2)

where A is the design matrix, and B is the intensity vector. While matrix multi-
plication is more computationally expensive than measuring centroid movement,
the overall fluctuations of intensity across the entire image produced consistent
measurements during testing. Given the success of this metric, we conducted a
separate vibration test to determine levels of response depending on the distance
of an excitation point from the termination point of the fiber. Figure 5.4 shows the
results from vibration testing where a 15 Hz frequency can be identified by the
best-fit plane method during this test. Given the clear results of this method, we
moved to improve our prototype for our next phase of testing.
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5.3.3 Physical Design Improvements

Although our proof-of-concept design showed promise for speckle-based sensing on
optical communications fiber, it was apparent several improvements were required
to make a design that could be practical in a deployed environment. Our first
improvement was to construct an enclosure on a metal baseboard. This ensured
that ambient light from outside the experiment was reduced to a minimum. We
also installed an adjustable angle bracket mount into the baseboard, on which
we secured both the camera and a ring-mounted LC connector to serve as the
termination point of the fiber optic cable. This provided maximum stability for our
internal components of our sensor. We also installed an internal projection screen
20 cm from the camera and LC connector to complete the sensor. The internal
components can be seen in Figure 5.5. As our light source was initially operated by
2 AA batteries, our expected operation time between battery changes was 8 hours.
We modified the VFL by connecting to a 12 V deep-cell battery source, adjusted to
the correct operational voltage for long-term captures.

5.3.4 Processing Design Improvements

Our method for generating and processing the received camera also required
significant changes. Given our lessons learned from our prototype, we aimed to
limit the host system processing as much as possible, and focused on making the
camera hardware and software optimized to take images that would send the host
machine images ready for processing. Our digital camera settings were changed to
take 8-bit grayscale images, 200 x 200 image size, and the image was decimated by
a factor of two to capture the complete projection image at 150 frames per second.
This allowed continuous streaming of images from the camera to be stored on the
device that were much closer to final processing. After a capture was completed, we
performed post-processing to obtain the best-plane-fit coefficients for analysis. Our
image baseline method was also modified to automatically take the average of the
first thousand captures before measurement began. Although post-processing the
coefficients was sufficient for our current analysis, we also implemented a reduced,
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Figure 5.5: View of internal components for the Seismospeckle sensor.
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online pipeline to generate best-fit plane coefficients concurrently during collection
to give an indicator of possible events. While storing incoming images at full speed,
our host system would opportunistically copy images for immediate processing
on available CPU cores, down-sample the image by a factor of 2, and store the
coefficient results. This process resulted in 100 samples per second on average,
which can be suitable for sensing applications that require less precision, or could
act as a triggering mechanism to identify capture periods of interest.

5.4 Methodology
After improving the design of our sensor, we devised a laboratory experiment to
evaluate the sensing capabilities of our device. The configuration of our laboratory
test system is shown in Figure 5.6. The sensing apparatus was attached to a 20-
meter length of indoor OS2 fiber optic cable. The light source is connected to the
distant end, followed by 3 meters of fiber secured to a flexible wooden beam of
equivalent length. Both ends of the beam are clamped to a laboratory table and a
vibration generator is positioned at the midpoint of the beam, with the excitation
plate adhered to the beam with glue. The lowest point of travel for the excitation
plate was in neutral contact with the wooden board. During operation, as the
vibrating plate ascends, the beam flexes upward, stressing the cable along its length.
This setup more accurately reflects vibrations that would occur along a fiber path
than with a vibration generator alone. The fiber leaving the test section was secured
to the ground with insulating foam pads to minimize any resultant vibrations from
the test section. The 20-meter cable led to a LC/LC coupler, which interfaced with
our sensing system located on a separate table. The coupler also facilitated the
insertion of test spools to adjust the total fiber length.

Each test run comprised 50 seconds of data acquisition. Before starting data
collection, the fiber was allowed to rest for 2 minutes with the light source active
to allow the cable to stabilize in temperature and position after being disturbed.
Upon the commencement of the test, the vibrating plate remained stationary for the
initial ten seconds. Subsequently, at successive 10-second intervals, the vibrating
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Figure 5.6: Diagram of the specklegram sensor laboratory test (top), and picture of
setup (bottom).

plate power increased incrementally by one-third, reaching maximum vibration
at 30 seconds. At the 40-second mark, the vibrating power was reduced to zero
for the remainder of the data collection period. This test protocol was executed at
various frequencies (10, 30, and 50 Hz) and at different distances by incorporating
test spools, resulting in total fiber lengths of 20, 120, and 1020 meters. In addition,
50 second rest data was collected at each distance.

Following our laboratory-based evaluations, we sought to determine the device’s
capability for detecting real-world environmental effects. We implemented our



86

sensing system in the basement of a campus building adjacent to a freight railway,
where our previous experiments were conducted [22, 25]. A 10-meter fiber was
affixed to the basement wall using duct tape. The sensing system was stored on a
cart nearby, with the enclosure protected from vibrations with insulating foam to
limit ambient vibrations from directly affecting the sensor. The device was set to
collect continuously for more than three weeks. Our measurements were correlated
with seismic data from a geophone installed in the same location.

After collection, we analyzed the results to identify prominent features that
correspond with passing train vibrations. We then implemented a basic trigger
algorithm, conducted statistical analysis to tune parameters, and evaluated its
effectiveness to detect passing trains.

5.5 Results

5.5.1 Laboratory Results

To evaluate the vibration tests, the results were analyzed by combining the output
of the three best plane fit coefficients using spectral forecasting [116], with P and Q
(X and Y coefficients, respectively) at equal weight, then R (intensity coefficient) at
30%. We then applied a band filter from 5 to 60 Hz and analyzed the combined
spectral output. The vibrations from our tests were visible at all lengths of tested
fiber, up to 1,020 meters. Figure 5.7 shows the spectral response of 50 Hz tests in
different ranges. The tests carried out at the shortest distances (20 and 120 meters)
were the most pronounced. The tests carried out at 1,020 meters were detectable
but suffered significant attenuation.

All tested frequencies were visible, with the higher frequencies showing greater
clarity and consistency. At 10 and 30 Hz, the harmonics of the vibration frequency
were prominent, which we attribute to oscillations of the cable leading off the
vibrating board. Figure 5.8 shows the test results for 10 and 30 Hz at different cable
lengths.

We also observed captures without applied vibration when the fiber is at rest.
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Figure 5.7: Spectrogram plots of combined output during 50 Hz tests at 20 m (top),
120 m (center), and 1,020 m (bottom).
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Figure 5.8: Spectrogram plots of combined output during 10 Hz (left) and 30 Hz
(right) tests at 20 m (top), 120 m (center), and 1,020 m (bottom) fiber lengths.
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Figure 5.9 shows the drift of the coefficients during three separate 50-second cap-
tures at different lengths. Even minute disturbances of the cable caused a significant
change in the resulting speckle pattern. Regardless of the length of the test fiber, the
speckle pattern perpetually changed as microscopic strains from ambient sources
modified the path length of the light modes passing through the fiber.

5.5.2 Train Capture Results

During our three-week capture conducted on the basement wall, we were able to
record 11 distinct train events, with the duration of passing trains ranging from
less than a minute to more than four minutes. The sensor coefficient responses
showed several different variations between the train events. Due to the significant
variation between the coefficient responses, using spectral forecasting to combine
the responses reduced the clarity of the responses overall. The most prominent
responses showed a spike in frequencies from 25 to 35 Hz during the train passing.
However, some train events show an overall increase in vibration around the train
event but are obscured by larger fluctuations throughout the capture. Unlike a
geophone which registers vibrations at a specific point, our sensor reports the
integrated changes along the fiber path. Larger vibrations can affect portions of
the sensing fiber differently along the basement wall. Fiber may have points of
increased strain due to very small twists or bends which can amplify and distort
responses, occluding an otherwise clear vibration response. These results suggest
that there is a maximum sensing limit when detecting vibrations. Four coefficient
spectrograms that record train events are shown in Figure 5.10.

5.5.3 Automated Trigger Algorithm.

In order to quantify the accuracy of detecting train events during collection, we
decided to implement a trigger using Short Term Average / Long Term Average
(STA / LTA), a historically proven algorithm used to generate alerts for seismic
activity [74]. This algorithm collects two running averages over different timespans
and will meet trigger conditions for activation and deactivation when a threshold
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Figure 5.9: Plots of coefficient variance during rest captures at 20 m (top), 120 m
(center), and 1,020 m (bottom).
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ratio between the two is met. We selected this approach because of its compatibility
with our sensing application and its lightweight processing requirements, which
are suitable for remote sensor implementation.

Our trigger algorithm is applied independently to each coefficient response
after using a 25 to 30 Hz bandpass filter. Each coefficient makes an independent
trigger determination. Individual trigger activations are discarded if their duration
is less than 30 seconds, less than the smallest recorded train duration. However, we
only quantify a fully activated response if at least two of the three coefficients agree
to an on/off trigger determination within a 60-second window.

In order to validate our sensor’s overall accuracy, we included the processing of
20 randomly selected 12-minute intervals from a single 20-hour capture period. We
ran a Monte Carlo simulation with a random selection of parameters for our trigger
algorithm. The results for each configuration were scored per second compared to
the recorded response from the geophone, with a positively weighted score applied
for correct trigger activations during vibrations, and an inverted score when missing
large vibrations or incorrect trigger activations during idle periods.

After running our simulation, we calculated the accuracy of our trigger re-
sponses using the best scoring parameters. For train events, our algorithm success-
fully identified a train event 8 out of 11 times. Some train event periods showed
increased responses during passing trains, but were eclipsed by larger trends in
the response data. Detailed train responses and trigger activations are shown in
Figure 5.11. Given these results and observations from our laboratory testing, we
attribute the sensor washout to earlier vibrations, where the fiber has yet to settle
to a consistent baseline.

During idle measurements, the algorithm was triggered in 11 of the 20 time
periods. Inspecting individual trigger responses revealed further nuance in the
sampled data. During idle periods, 7 of the 11 trigger activations correlate with
smaller vibrations recorded by the geophone. Applying the trigger agreement
between the coefficient responses was effective in eliminating many, but not all,
erroneous responses. This highlights how an integrated response across the base-
ment wall from a vibration source can elicit a different response than a point sensor
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on the basement floor. To illustrate these results, four samples from the idle period
are shown in Figure 5.12.

5.6 Discussion
Our findings from our laboratory tests suggest compelling implications for the use
of specklegram sensing for environmental effects on optical networked communi-
cations infrastructure. Although constructed with relatively inexpensive hardware
and components, our sensor can detect environmental changes of interest along a
short span of fiber. Although frequencies at or below 10 Hz show less response,
frequencies between 30 to 50 Hz have shown the most sensitivity to external vibra-
tions.

Although the results of specifically identifying passing trains are not as consis-
tent as we had anticipated, the response patterns of our sensor show sensitivity
to small and moderate vibrations, but lose effectiveness for larger, more complex
vibration patters. Care must be taken to employ specklegram sensors on fibers that
are both subject to vibrations of interest and are protected from unwanted signals.
Although we implemented a lightweight detection algorithm, more advanced sig-
nal processing techniques may improve detectability for anthropogenic and ground
motion events.

Our speckle-based measurement is able to detect integrated geometrical changes
in a fiber span, similar to how polarimetry-based measurements are conducted:
As polarization mode dispersion occurs to light above the cutoff wavelength, the
degenerate fundamental mode will break symmetry in single mode fiber. For
speckle-based measurements, the multimode fiber imperfections induce changes
in phase unique to each mode resulting in a distinct interference pattern at the
projection point. Both of these measurements indicate subtle physical changes of
the lay of a fiber and can be analyzed to reveal the sources of these effects.

Given the reporting rate of 150 Hz for detailed measurements or 100 Hz for long-
term online reporting, this sampling rate is suitable to detect cultural urban noise
such as traffic. Further development and miniaturization of the projection, camera,



95

Fi
gu

re
5.

12
:F

ou
ri

dl
e

pe
rio

ds
sh

ow
in

g
ST

A
/L

TA
m

et
ric

s(
to

p)
an

d
th

e
ge

op
ho

ne
re

sp
on

se
w

ith
re

co
rd

ed
sc

or
e

(b
ot

to
m

).
In

di
vi

du
al

tr
ig

ge
ra

ct
iv

at
io

ns
an

d
de

ac
tiv

at
io

ns
ar

e
da

sh
ed

ve
rt

ic
al

gr
ee

n
an

d
re

d
lin

es
re

sp
ec

tiv
el

y,
an

d
tr

ig
ge

ra
gr

ee
m

en
ts

ar
e

sh
ow

n
in

ye
llo

w
.



96

and processing components can significantly reduce the footprint of the sensor,
providing convenient deployments where larger and more expensive equipment
would be prohibitive. Adding physical filters and taps along multiple spans of
fiber can enable a group of these devices to report on environmental effects on
optical communication cables, with the potential to infer spatial information about
disturbances in a metro environment.

Our wavelength and camera decisions have been selected for low-cost price
points, but lasers and cameras that are constructed for this purpose at an optimal
wavelength may provide reduced attenuation while still operating underneath the
wavelength cutoff can provide modal dispersion to provide sufficient granularity
to detect environmental effects of interest.

However, the benefits of easy deployment and low cost are not without trade-off.
Our lightweight trigger algorithm was moderately effective in discerning significant
vibrations during our in situ test. Even in quiet conditions, subtle changes in
temperature, air flow, building noise, or relaxing torsion strain will cause responses
to the resulting projection. We are developing a processing pipeline that uses a
modern image classifier to mitigate these effects, which we anticipate will provide
improved accuracy beyond our initial methods. Despite the advantages of machine
learning, our results confirm that a particular deployment of a fiber sensor must be
characterized and assessed to determine the sensing fiber’s suitability for detecting
signals of interest.
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6 conclusion and future work

Environmental sensing can inform us of critical events and help us understand
imperceptible events around us. Conducting environmental sensing on the physical
infrastructure of communication networks that run underneath and through our
cities can supplement existing applications and provide additional and previously
unrecorded data about these events. From security to public safety, monitoring the
changing characteristics of light as a result of changing strains on fiber can provide
significant benefit to the organizations and populations that inhabit our world’s
largest and most connected areas.

In this thesis, we explore the use of optical communication network infrastruc-
ture as an environmental sensor, provide an improved low-cost polarimeter design
suitable for detecting polarization transience caused by cultural vibration, and
develop and deploy an ultra-low-cost specklegram sensor for deployment on short
spans of optical fiber. Each of these designs and studies was empirically evaluated
by laboratory testing and real-world deployments to improve our understanding of
the capabilities and limitations of sensing in optical communications networks and
to improve the practicality of employing such sensors for monitoring applications.

6.1 Summary of Contributions

6.1.1 Contributions Related to Transceivers: Efficacy of Using
Commodity Optical Transceivers for Environmental
Sensing

We performed a detailed analysis of the use of an optical communications transceiver
as an environmental sensor. We detail our assessment of the use of performance
monitoring metrics commonly available to this type of equipment, as well as the
advantages and shortcomings of opportunistically leveraging information extracted
from standard DSP operations. We found that while polarization transience infor-
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mation can reveal environmental effects, the reduced and nonperiodic sampling
rate was a significant limiting factor in detecting sociocultural events, such as freight
train traffic.

We also characterize polarization transience patterns found during our measure-
ments, from significant changes to the fiber geometry, such as repetitive bending
movements and vibrations and adjusting splice trays, to ambient changes in the en-
vironment from diurnal temperature changes and rainfall. Following our analysis
from testing a 4 km inter-campus route and the installation and observation of a
100 m custom fiber route, we highlight the best practices for installation of fiber for
sensing purposes that do not align with procedures for the installation of fiber for
networked communication. However, opportunities are present where coupling of
a fiber to a vibrating medium is considered.

6.1.2 Contributions Related to Homebrew: Low-Cost Polarimetry
Based Environmental Sensing on Optical Fiber

After noting the capabilities and limitations of sensing with commodity communi-
cation equipment from our previous experiment, we aimed to measure the polar-
ization transience at a higher sampling rate. We replicated the design of a low-cost
polarimeter used in previous studies and evaluated its sensitivity in laboratory
studies and rotation rate metrics. However, measurement dead zones and the loss
of clarity led us to develop an improved design that incorporates the splitting of
incoming light into four adjustable measurement arms with significant success.

After implementing a reliable calibration method, we tested our design in a
series of measurements by coupling a fiber to a basement wall in the vicinity of an
operating freight railway and comparing the measurements to the campus fiber
route. Our results confirm that strong coupling to vibration sources is required to
achieve high reliability in capturing environmental effects via polarimetry.

Our novel polarimeter design increases the average sensitivity range over the
previous design and, when optimally calibrated, improves the theoretical sensitivity
floor by at least 29%. It is also capable of achieving sampling rates of up to 1 kHz
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for extended measurements, suitable for measuring environmental and cultural
effects in metropolitan areas.

6.1.3 Contributions Related to Seismospeckle: Low Cost
Specklegram Sensing on Optical Communications Fiber

Lastly, we looked to alternative methods of measurement beyond polarization tran-
sience. We designed, prototyped, and evaluated a specklegram sensor and related
metrics for optical communication fiber. Our sensor is able to detect vibrations
up to 75 Hz in short-distance optical fiber installations in at least a 1 km range.
Although the sensor exhibits high sensitivity to ambient vibrations and movement,
our sensor can be constructed from common components for a fraction of the cost
of more sophisticated devices.

We also performed tests on a fiber adhered to a basement wall to detect passing
freight trains. Our results show that these sensors may respond differently to
external perturbations than point sensors and may also have a maximum sensitivity
threshold where stronger vibrations can limit effective reporting. Although this
sensor does not have an extended range compared to our previous polarization-
based devices, its extremely low cost, portability, and online measurement capability
give strong advantages for future applications in environmental sensing.

6.2 Summary of Findings for Research Questions
Three primary research questions guided our studies and evaluations, provided in
Section 1.1.1. Each question focused on a specific dimension of our larger objective,
the incorporation of environmental sensing applications on optical networked
communications infrastructure in metro and urban areas. Our findings for each of
these questions provide an understanding of both the present capabilities and the
limitations that must be overcome toward this purpose:
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6.2.1 What are the capabilities and limitations for using optical
communications infrastructure for environmental sensing
in metro and urban areas?

Although optical fiber is used for both sensing and communication applications,
their installation requirements may have competing restrictions. Optical communi-
cation fiber installations are designed to protect the optical waveguide from external
sources that may cause service degradation, such as stresses and strains that deform
the fiber. This may distort the characteristics of light which are modulated to carry
network data.

We observed that optical communication fiber installations are often heavily
shielded in outdoor portions of the fiber run by burial depth, protective conduit,
and shielded cables specifically designed to limit the influence of external effects.
Indoor portions of fiber runs are also protected by cable trays and routing designs
to ensure that the fibers are kept out of reach. However, indoor fiber optic cables
are often more flexible for ease of installation and can be subject to a wide range
of ambient building noise, such as heating and cooling systems, other telecom-
munication equipment, and airflow. When taking integrated measurements of
light characteristics, signals of interest may be less pronounced and occluded by
non-obvious sources of disturbance.

Physical displacement of even a few millimeters can create a significant po-
larization response. When measuring polarization transience, disturbances that
temporarily adjust the lay of a fiber can be characterized. Permanent displacements
should result in a change of resting polarization state, which can be easily detected,
but may also require establishing a new baseline for more minute effects.

Additionally, the amount of coupling to a vibration medium is a significant
factor for accurately detecting events. The lay of a fiber used for sensing should be
evaluated and may need to be modified to increase the amount of desired vibrations
transferred to the cable. Effects that permanently degrade the physical condition of
the fiber, such as exceeding the recommended minimum bend radius or maximum
strain guidance, should be avoided.
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Lastly, integrated measurements from sensing on an optical fiber may produce
a different response than what is recorded on a single-point sensor, such as a
geophone. Particularly when using intensity-based measurements, intended and
ambient vibration sources may result in large amounts of variation that can reduce
clarity, masking specific frequency responses.

6.2.2 How can we integrate sensing capabilities onto optical
communications infrastructure effectively?

Coherent communication DSPs transmit data through modulation of the carrier
wave’s polarization state. As the polarization state can be expected to change dur-
ing transit, these devices routinely mitigate unwanted changes and continuously
estimate the transmitted polarization to recover data. However, these devices are
not designed primarily to report polarization information. Performance metrics
that are available can give some insight into significant changes in the characteristics
of light during transmission, but are oriented towards the quality of the communi-
cation link and lack sufficient detail to observe minor external events impacting a
communications fiber.

Our study recorded polarization transients from an optical transceiver utilizing
additional firmware and software. This provided detailed information on environ-
mental effects that cause large polarization transients, such as opening a fiber tray,
rising temperatures, or cable displacement. However, a limited sampling frequency
may inhibit vibration monitoring.

Polarimeters are specifically designed to monitor the polarization state on an
optical fiber with high precision. We were able to perform long-term polarization
captures with our polarimeter design, which maintained a suitable sampling rate for
observing vibrations from nearby freight trains on highly coupled fiber paths. Our
four arm polarimeter design is able to detect a wider range of polarization transients
than earlier designs, but also requires additional calibration steps of adjusting the
incident polarization in each pair of sensing arms to perform optimally.

Intensity-based fiber specklegram sensing can be performed on an optical fiber
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using a wavelength below the base cutoff because of modal dispersion. This method
can provide detailed information about how short spans of 1 km of an optical fiber
are perturbed but share characteristics common to this method of measurement.
The device can be overly sensitive to both ambient events and large, complex
disturbances. However, this provides a low-cost and easy to deploy alternative to
polarization measurement if suitable for a specific sensing application.

6.2.3 How can we expand sensing through optical
communications infrastructure with minimal impact to its
primary function?

All three of our experiments sought to find sensing methods and devices that
are inexpensive to install, operate, and maintain using optical communications
fiber. Inherently, by using an optical fiber that is already installed, a separate fiber
installation is not conducted. Additional modifications to increase coupling and
reduce ambient noise, such as adhering to a vibrating surface or creating air baffles
to direct air flow away from fibers, can be done inexpensively and can enhance
the response from the targeted environmental effect. Due to the sophistication of
modern DSPs, minor environmental disturbances can be expected to be mitigated
with minimal impact to communications.

The use of existing optical transport hardware to perform environmental sensing
is possible, especially if targeted effects produce large polarization transients, either
quickly or gradually. Although our experiment used a modified device, it highlights
what measurements can be conducted explicitly using optical communications
equipment.

Our polarimeter design is relatively low cost compared to commercial polarime-
ters, constructed with components that cost approximately $6,000. It is able to
conduct measurements using optical fiber designed for 1550 nm wavelengths, com-
monly employed in optical communications infrastructure. Although this design
requires calibration to maintain sensitivity, this does not require additional equip-
ment or services from a vendor. As this method measures polarization transients
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to detect external effects, partitioning of sensing and communication carriers must
be considered if the communication method modulates polarization as a means of
transmitting data.

Our specklegram sensor provides a component price of approximately $500,
using a low-cost power source and digital camera. Despite a reduced accuracy
compared to polarization-based measurements, the small footprint of the device
is easy to install and requires little maintenance to ensure proper camera settings.
It senses changes in intensity of visible light and does not rely on monitoring
wavelengths used for communication on the fiber.

We have provided detailed information on the setup and operation of these de-
vices for detecting environmental effects in each respective chapter. These designs
can be used as described to detect environmental effects, but they also provide
avenues to continue maturation that enable higher-quality sensing on optical com-
munications infrastructure.

6.3 Future Avenues of Study
Our research efforts in this thesis describe how we used empirical laboratory evalu-
ation to develop practical fiber optic sensors, how these sensors detect changes in
the strain placed on a fiber due to environmental effects, and how to best identify
candidate fiber optic communication routes for sensing applications. Although
all of these designs and findings provide significant insight into the use of optical
communication networks for sensing, more research is required to further develop
this concept.

6.3.1 Future Studies Related to Transceivers: Efficacy of Using
Commodity Optical Transceivers for Environmental
Sensing

Our study using an optical transceiver for sensing was only configured to test
in a single-fiber homodyne arrangement. Given the limitations of what can be
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detected on a single fiber strand, expanding the monitoring across several of these
devices as part of a sensing network with multiple fibers can better demonstrate
the capabilities of opportunistic environmental sensing on optical communication
infrastructure. As each route may show different sensitivity to effects depending on
the configuration of the particular fiber path, several sensors may provide spatial
resolution to effects or can assist in reducing false detection rates for signals of
interest.

Since the completion of our study, new models of optical transceivers have
been released. Our study was focused on a single model from a single vendor, but
different designs may offer advantages when it comes to environmental sensing.
Devices that can offer more detailed polarization transience metrics or that can
support higher sampling rates can further advance the field of sensing through
communication networks. This also provides opportunities for vendors to respond
to the growing interest in environmental measurements and incorporate metrics
that allow monitoring with greater precision.

Additionally, our study focused on correlating polarization transience to ex-
ternal events on communications infrastructure but was not incorporated into
a communications network. The communications community focuses primarily
on the health and operation of the network. Further studies can investigate both
the level of impact of sensing applications on data-transport networks and how
advances in environmental sensing through communications networks may help
provide insight for the physical security and of optical communications.

6.3.2 Future Studies Related to Homebrew: Low-Cost
Polarimetry Based Environmental Sensing on Optical Fiber

Our novel polarimeter design was effective in detecting signals of interest, such as
passing freight trains, when the fiber under test was strongly coupled to a vibration
medium. It also provides an increased advantage over earlier designs by offering an
extended sensitivity range across the Poincare Sphere when splitting on different
polarization axes. However, our calibration methods were not designed to find the
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true optimal setting for these axes. Including additional equipment and motorized
polarization controllers, a system can be designed to automate optimal polarization
settings to ensure maximum efficiency of the four-arm polarimeter.

Second, our system was tested on a dedicated fiber expressly for the purposes of
sensing, and not on a shared fiber with communications equipment. Since coherent
modulation utilizes the amplitude, phase, and polarization of light, our polarimeter
must be able to operate separately when performing measurements on an active
communications fiber. Further study of how to effectively separate these sensing
and communication channels and a report of the impact to both applications would
be highly instrumental.

Finally, our measurements required significant post-processing to recover the
polarization information from the oscilloscope and to analyze and combine the
separate channels. Our study also explicitly focused on understanding and charac-
terizing polarization transience. By creating a processing pipeline to quickly ingest
polarization measurements and then training a machine learning classifier, this
device can be assessed for use in real-time alert applications, bringing a significant
capability improvement to most sensing applications.

6.3.3 Future Studies Related to Seismospeckle: Ultra-Low-Cost
Intensity Based Sensing on Optical Fiber

Our final study involved the use of visible light in an optical fiber designed to
transmit C-Band wavelengths, and exploiting the distortion mechanism of modal
dispersion to create a fiber specklegram sensor. Although our study focused on
using low-cost components, the choice of 650 nm wavelength light may not be the
optimal choice for sensing applications on this class of fiber. Longer wavelengths
may propagate further along the waveguide before dispersing and increasing the
effective range of sensing. Although this would incur a higher cost for more so-
phisticated laser and camera components, exploring the opportunity for increased
range on long-distance communication networks would increase installation op-
portunities and research for our studies.
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This research effort focused on exploring the potential capability for sensing
on optical communications infrastructure. However, developing and researching a
means to introduce the effects of this type of sensing on fibers used for communica-
tion can provide essential understanding of the further development of this type of
sensing on optical networks. By incorporating fiber taps and physical muxes, speck-
legram sensing applications that share the same fiber as communication streams
can be evaluated and developed for wider use.

We implemented a simple trigger algorithm to quantify responses to external
events. Our results strongly suggest that more sophisticated processing can make
more intelligent decisions when classifying events. With the use of modern image
and video classifiers, we expect that our sensor can be deployed to a wider range of
environments and may be able to reduce a significant amount of instability inherent
to specklegram sensing.

Lastly, the limited range of this sensor may also be opportunistically leveraged
when used as a series of sensors on a single long-distance path. The specklegram
sensor can be further miniaturized using lenses and smaller cameras and local
processors on smart phones [126], and can then be introduced at several access
points along a fiber. Given the low cost and ease of deployment, this system may
prove advantageous over more expensive equipment and can be tested for security-
based applications along unmanned stretches, with pairs of emitters and receivers
at the maximum effective range.
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