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Abstract: We examine laser light polarization measurements using our own novel po-
larimeter design for ground motion sensing and show that efficacy is highly dependent on
the coupling of fiber routes to vibration sources. © 2023 The Author(s)

1. Introduction

The prospect of using deployed Internet fiber optic infrastructure as a global vibration and deformation sensing
platform is tantalizing. Several recent studies have considered the efficacy of using the measurement of polariza-
tion transients in light transmission through fiber for ground motion and environmental sensing. Examples include
identifying earthquake signatures in subsea cable infrastructure [1], detecting temperature changes and high-speed
trains crossings [2, 3] and detecting vibrations induced by adhering a portion of an optical fiber to speakers [4].
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, Internet fiber optic cables in
long-haul and especially metro environments are potentially noisier and more mechanically uncoupled from the
signals that we wish to detect.

Our study introduces a new "homebrew’ polarimeter for use in urban environments toward the goal of enabling
the broad deployment of polarization-based sensors in Internet infrastructure. Specifically, we developed and ex-
amined a novel low-cost, four-arm system that can provide detailed polarization transience measurements at high
sampling rates. We deployed 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.

2. Homebrew Polarimeter Description

Although commercial polarimeters provide complete information on polarization state, they can also be pro-
hibitively 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 polarization state at a rate sufficient for measuring
a wide range of ground-motion signals. Previous studies [2, 5] have developed low-cost, two-arm polarimeters to
monitor transient events. By passing the input light through a Polarization Beam Splitter (PBS) and a balanced
amplified photodetector, the Polarization Rotation Rate (PRR) can be calculated from the outputs. However, the
sensitivity of these systems 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 reduced sensitivity to polarization transients [2].

To improve the sensitivity and expand capability, 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 1. We placed
mechanical polarization controllers before the PBS of each branch. 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. 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 less than $9,000, comparable
to low-end polarimeters, and can achieve sampling rates of 500 kHz in short-term measurements and 1 kHz for
long-term measurements.
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Fig. 1. Four-arm polarimeter design used in these experiments. The incoming polarization for both
arms are controlled to align the orthogonal split along a different axis, enabling a higher range of
detection for polarization transients.

3. Experiments

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 had moderate amounts of ambient noise that was emitted
from building cooling systems and equipment.

Second, we captured the polarization transients on a 4-kilometer urban campus fiber route. 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 [6] 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 [2]. By taking a weighted average of the two balanced filtered
outputs based on a spectral forecasting algorithm [7], we found that the maximum of the band-filtered spectrogram
clearly showed train events.

4. 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 trailing 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, as seen in Figure
2a. The results of 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 2b.

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 2c. 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 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.
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Fig. 2. (a) Spectrogram of signal responses during a train event from the polarimeter combined
output (top) and the geophone (bottom). (b) Plot of mean spectral power maximum for one hour
with train event from the polarimeter (top) and the geophone (bottom). (c) Recorded train events are
plotted by coupling length (color), maximum geophone response (x-axis), and Pearson correlation
between geophone and polarimeter response for two minutes before and after train event (y-axis).

5. Discussion

The results of these experiments show both the possibility of ground motion sensing through internet infrastructure
in an urban environment and the obstacles that prevent sensitive measurement. Measurements taken from the 4
meter strongly wall-coupled fiber optic path show strong consistent responses to train events. Two responses were
successfully 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 Internet
fiber optic 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 on urban fiber optic routes may need to
be individually evaluated for sensing applications.

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,
there are some challenges that we will address in future work. In particular, we are investigating how to improve
calibration of our system by removing the need for manual adjustment of the polarizing paddles and optimizing
perpendicular axes to capture the fullest possible range of polarization transience.
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