Fiber Bragg Grating Interrogation with laser dynamics
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Abstract

Fiber Bragg Gratings are widely used as fiber sensors as their Bragg wavelength changes when strain is
applied to the fiber or when temperature changes. When putting a semiconductor laser under optical
feedback from a Fiber Bragg Grating, we can trigger various dynamical regimes that can react quickly to
small changes of the Bragg wavelength. In this work, we explain our setup for investigating dynamical
behavior and how it will be used for Fiber Bragg Grating sensing.

Main text

Fiber Bragg Gratings (FBGs) are wavelength selective mirrors consisting of periodic changes in the
refractive index of the fiber. They are lightweight, can be used in harsh environments and a single fiber can
contain hundreds of individual FBGs. If broadband light is sent to an FBG, only a resonant peak gets
reflected back. This resonant peak is called the Bragg peak and changes location within the optical
spectrum when the FBG is strained, or different temperatures are applied. This makes it an ideal candidate
for sensing applications [1]. We intend to sense these changes in Bragg peaks using laser dynamics. By
setting up a semiconductor laser in an optical feedback configuration, it can trigger a wide variety of
dynamics [2], [3]. Thus, if we use an FBG as a feedback mirror, the dynamics of our laser should follow
any changes in the FBG spectrum accordingly. The impact of FBG feedback has already been investigated
numerically in literature before [4], [5]. It showed that different frequency detunings of the feedback FBG
can lead to different dynamical states, we would like to utilize the transition areas between dynamical states
for fiber sensing applications. Example simulation traces can be seen in Figure 1, these simulations were
generated with the same rate equation model described in [4] and showcases that for different detuning
values, large changes in laser dynamics can be observed.
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Figure 1. Simulation results showcase the difference in laser output power dynamics for different FBG configurations.
Both plots are based on results from the rate equation model described in [4]. All simulation parameters are normalized
based on the average photon lifetime and are unitless. The Y-axis denotes the optical power of the laser, and the X-axis
denotes the time. The feedback rate K describes the amount of light reflected back to the cavity of the laser, while AQ
denotes the detuning and is the parameter that describes the difference between the current Bragg wavelength of the
FBG and the default Bragg wavelength of the FBG. The left plot gives the example that in specific cases you can see
transitions in laser dynamics from periodic to stable for only slight changes in detuning. While the right shows a
different configuration where the transition is between periodic and quasi-periodic/chaotic. The other factors used in
this simulation are the normalized carrier lifetime T = 1000, the pump factor P = 1, the linewidth enhancement factor
a = 3, the external cavity time delay v = 1000, the full width at half maximum bandwidth of the main lobe of the FBG



spectrum Qpw = 21.88, the inverse of the round-trip propagation time inside the FBG Q= 19.35 and lastly the offset
phase @o = 0. The details of all the parameters won'’t be described here, but are all described in [4].

We will investigate this behavior using the setup seen in Figure 2. The laser we are using is a 1550 nm,
5 mW free space DFB laser. We work in free space to reduce the optical path length in comparison to
working with a fully fiber-based setup. The laser light gets collimated by a lens for it to be split up with a
70:30 beamsplitter in two distinct arms of our setup. 70% of our light goes in the feedback arm of the setup,
where it first passes through a linear polarizer and then gets focused with a lens in the core of a single
mode fiber, (marked FL for fiber launcher). It then passes through a variable optical attenuator (VOA) for
controlling the amount of light that gets reflected to the cavity of the laser. At the end of our feedback cavity,
we have the FBG that will be experiencing changes in its reflection spectrum due to vibrations generated
by a piezoelectric tube actuator (PZT). The vibrations of the PZT are configured using an arbitrary
waveform generated (AWG) and are transmitted to the FBG through an aluminium plate with a 1 mm
thickness. The feedback arm of the setup will result in dynamical effects from our laser that can then be
detected by the measurement arm of the setup. This arm is located at the 30% side of the beamsplitter and
is connected to any measurement device that is needed at a specific moment. We will mostly be working
with an electrical spectrum analyzer (ESA) to measure the radio frequency spectrum of our laser. Our ESA
in particular has a built-in real-time spectrum analyzer (RTSA), making it ideal for the fast-changing
dynamics that we expect from our laser. We would then check the spectra measured by the ESA to see if we
can link any changes in our spectra to the vibrations emitted by the PZT. This last part is still an ongoing
topic of ours and not many details can be given at the moment of writing.
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Figure 2: Schematic representation of our laser dynamics interrogation setup. The red connections imply a free space
laser beam, the black connections are fiber, and the blue connections are electrical. LD stands for laser diode, L stands

for lens, BS stands for beam splitter, LP stands for linear polarizer, FL stands for fiber launcher and highlights the
transition between free space and fiber, Ol stands for optical isolator and PD stands for photodiode.
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So far, we have set up an edge-filtering interrogation system, this is a more mature sensing approach that
our research group has experience with [6]. It is intended to be used as a benchmark and reference. We're
also in the process of fully characterizing our laser dynamics interrogation system and we expect it to be
ready in the coming months. At the same time, we are numerically exploring the parameter space of our
setup to identify relevant dynamical laser features that can be exploited for high sensitivity interrogation,
example simulation traces can be seen in Figure 1. In the end we intend to combine our edge-filtering
interrogation system and our laser dynamics interrogation system to measure the same vibrations in quick
succession. This would give us a reliable and efficient setup to compare the differences between a more
mature approach, and our own laser dynamics approach.



Bibliography

1]
2]

31
[4]

[3]
(6]

T. Erdogan, “Fiber Grating Spectra,” 1997.

J. Ohtsubo, Semiconductor Lasers, vol. 111. Berlin, Heidelberg: Springer Berlin Heidelberg, 2013.
doi: 10.1007/978-3-642-30147-6.

K. 4. S. Deborah M. Kane, Unlocking Dynamical Diversity. Wiley, 2005. doi:
10.1002/0470856211.

M. Skénderas, S. W. Jolly, and M. Virte, “Impact of feedback time-distribution on laser dynamics,’
Phys Rev Res, vol. 6, no. 2, Apr. 2024, doi: 10.1103/PhysRevResearch.6.023025.

M. Skénderas, “Study of nonlinear dynamics of laser diodes for optical fiber sensing,” 2023.

S. Goossens, F. Berghmans, and T. Geernaert, “Spectral verification of the mechanisms behind
FBG-based ultrasonic guided wave detection,” Sensors (Switzerland), vol. 20, no. 22, pp. 1-14,
Nov. 2020, doi: 10.3390/52022657 1.

’



