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DISTRIBUTED BRILLOUIN FIBER LASER SENSOR:
Karle Fellowship Final Report

Joseph B. Murray (NRL Code 5674)

Abstract:

Distributed fiber sensors are a powerful tool for structural health monitoring and environmental
sensing due to their ability to remotely monitor the strain at 1000s of locations using low-cost optical
fiber. Sensors based on Brillouin scattering are uniquely suited to these task since they can make
completely distributed, absolute measurements of strain, with a long range (>100 km), small sensing
size (<l cm), and a huge absolute dynamic range, all in standard off-the-shelf telecom fiber. These
sensors function by measuring the resonance frequency of the non-linear Brillouin interaction in fiber
which shifts linearly with strain and temperature. However, existing Brillouin sensors are hampered by
fundamentally poor response resulting in small frequency shifts compared to the linewidth of the
interaction. To overcome this limitation we introduced a technique known as distributed Brillouin
fiber laser sensing (DBFLS) which establishes a series of narrowband lasing modes that experience
Brillouin gain at discrete locations. The high intensity and narrow linewidth associated with the lasing
transition enables high precision strain and temperature measurements. This work was conducted under
my Naval Research Laboratory Karle Fellowship. This memo reviews the operation of the DBFLS
and its performance and serves as a final report for the fellowship.

1. Introduction:

Brillouin fiber sensors are able to make fully distributed absolute strain and temperature
measurements using standard telecom fiber. Brillouin sensors have been demonstrated with large
dynamic range[1-5] and operating at long distances[6,7] with high spatial resolution[8—13]. These
aspects have made Brillouin sensors well suited for a number of application, particularly in structural
health monitoring. However, these sensors exhibit poor sensitivity when compared to other fiber
sensing modalities such as fiber Bragg gratings or Rayleigh scattering. Ultimately this weak sensitivity
comes from the inherently low strain and temperature response of the Brillouin frequency shift compared
to the linewidth of the interaction (despite the relatively narrow linewidth of the Brillouin resonance, ~30
MHz), resulting in poor signal to noise ratio (SNR).

To overcome this limitation we proposed to use the linewidth narrowing effects associated with
the lasing transition to greatly improve the SNR. Brillouin fiber lasers have previously been demonstrated
with very narrow linewidths by leveraging the already narrowband nature of the interaction [14—16].
However these fiber cavities, while sensitive to strain and temperature, are sensitive to these changes
anywhere in the cavity and could not be used to make distributed measures. Here we use a pulsed pump
to excite a series of lasing modes in a fiber cavity. The pump pulse period is carefully tuned to match the
round trip time in lasing cavity such that the lasing modes only experience Brillouin gain at distinct
locations in the fiber under test (FUT). The frequency of the lasing modes then matches the Brillouin
resonance frequency and is responsive to changes in temperature or strain at only one position each.

Manuscript approved June 26, 2022.



My Karle fellowship was proposed to create, demonstrate, and investigate the performance of a
distributed Brillouin fiber laser sensor. During the fellowship I produced an initial prototype and presented
the basic noise performance, bandwidth and dynamic range (ref. [17]). This was followed up with
investigations into noise scaling with sensor spatial resolution (ref. [18]). This work was then extended to
practical lengths and numbers of sensors while addressing a weakness in the initial design where the fiber
was not contiguously sampled (ref. [19]). Below I detail each of these steps.

2. Overview of DBFLS:

This section overviews the basic operation of the DBFLS. Additional details and figures can be found in
ref. [17].

The distributed Brillouin fiber laser sensor is designed to create a series of lasing modes that
experience Brillouin amplification at discrete positions in the FUT. The system resembles a standard fiber
ring laser with a few important modifications. The ring is split into two halves. The FUT forms one
half and a feedback section forms the other. The feedback section is of equal or greater length than the
FUT. A pair of directional couplers (fiber circulators) introduce pump pulses into the beginning of the FUT
and couple the pulses back out at the distal end. These pump pulses initially produce counter propagating
spontaneous Brillouin scattering. The backscattered light is directed into the feedback portion of the
ring (by the circulator at the beginning of the FUT) and is introduced back into the fiber under test after a
delay in the feedback fiber (by the second circulator). Crucially, the pump pulse repetition period is fine
tuned to match the round trip time of flight for the backscattered light. This ensures that the next pump
pulse encounters each portion of the series of lasing modes at the same position in the fiber on each round
trip, amplifying (via stimulated Brillouin scattering) that lasing mode with a gain spectrum characteristic of
the Brillouin resonance at that position. If the round trip gain exceeds the lasing threshold, the modes will
lase with a frequency locked to the Brillouin resonance frequency at the position of Brillouin
amplification. Importantly, since the feedback fiber is longer than the FUT, the series of lasing modes
never overlaps itself, preventing lasing on a cavity mode of the ring. This ensures that the lasing frequency
is locked only to the Brillouin resonance frequency. On each round trip a portion of the lasing modes is
coupled out of the ring and combined with a local oscillator beam on a photodetector. The beat frequency
between these beams vs. time can then be extracted and converted to Brillouin resonance frequency versus
sensor position.

There are a few practical difficulties with implementing the scheme described above. First, the
polarization overlap of the pump and probe need to be carefully considered since the Brillouin
amplification efficiency is dependent on this overlap. To ensure that the lasing modes have a consistent
polarization on each round trip, we insert a polarization controller into the feedback section of the fiber
ring. This controller is followed by a polarization beam splitter (PBS) and the controller is tuned to
maximize transmission through the PBS, preventing polarization procession of the lasing modes.
However, this does not ensure that the pump pulses actually overlap with each lasing mode at the sensor
position. Using a polarization switch the pump pulses alternate between two orthogonal polarization states
such that, averaged across two round trips, all the lasing modes experience some Brillouin amplification.
Second, an erbium doped fiber amplifier (EDFA) is included into the feedback section. This provides
some gain to the lasing modes, relaxing the gain requirements of the Brillouin amplification. Lastly, we
introduce an electro-optic intensity modulator (EOM), biased to zero transmission, within the feedback
fiber. This EOM is driven with a series of N pulses, creating N transparency windows. The series is
repeated with a period matching the pump pulse period. The pulsing splits the series of lasing modes into
N pulses, preventing cross-talk (inter-mode interaction) between neighboring modes. The amplitudes of the
pulses are also controlled to prevent gain competition between the modes, by balancing the round trip gain
of each mode with an equal amount of loss, without depleting amplifiers.

3. Results of initial prototype:

The initial prototype of the DBFLS is detailed in ref. [17]. Here I review the basic findings presented in
that manuscript. As an initial demonstration of the DBFLS, we created a system using 400 m of fiber under



test. The system excited 40 lasing modes separated into 40 ns pulses spaced by 100 ns, resulting in 40
sensor positions, with 4 m resolution, spaced by 10 m. In that study, we investigated sensor noise,
bandwidth, and dynamic range. We also noted the marked increase in severity of Doppler frequency shift
[20] when the system measured dynamic strain and proposed a solution.

The strain noise of the laser sensors was measured with the FUT in a quiescent state. The minimum
detectable noise was found to be 3.9 ne/Hz”, corresponding to a frequency noise of ~100 Hz/Hz”. This
represented a substantial improvement over the state of the art [3,21-23].

In principle, the dynamic range of the DBFLS strain measurement is limited only by the failure point of
the fiber since the lasing frequency of the sensor will continue to shift and that shift can continue to be
measured. However, because the frequency was measured by the beat frequency of the lasing modes and a
local oscillator, the range was limited by the frequency range of this detection and digitization. In our case
this would limit the system to frequency shifts of >350 MHz or 7 me. In practice, our measurements were
limited by the magnitude of strain we could apply to our fiber strain stage. This allowed us to demonstrate
strain up to ~5 me.

Because of the feedback of the lasing modes, their frequency may require several round trips to update
and match the local Brillouin resonance frequency at the sensing position. To test this rate, we modulated
the pump frequency at various rates from 10 Hz to 50 kHz and measured the response of the lasing modes
to this fluctuation. We found that the response dropped by 3 dB at ~10 kHz. This was equivalent to ~20
round trips to fully track the pump frequency.

However, the feedback introduces another issue in dynamic measurements. In the presence of dynamic
strain in the FUT, the lasing modes experience a Doppler frequency shift with each round trip as they pass
through the dynamically strained section. Since, as noted above, the Brillouin gain cannot immediately
correct for this frequency shift, this can cause large errors in the measurement. We observed this
phenomenon even at low strain frequencies. We then introduced a scheme to compensate for this error by
measuring the response of the modes to a reference Doppler shift and computationally subtracting away the
effects of cross-talk (see ref. [17] for full details).

In a follow-up manuscript to this work, we investigated how sensor size impacts the noise of the
DBFLS (See ref. [18]). Here, the lasing mode and pump pulses were varied in duration from 10 to 40 ns
resulting in minimum strain noise of 45 ne/NHz for 40 ns pulse and 4 ne/NHz for 10 ns pulse. We attributed
the increased noise for shorter pulses to a broadening of the SBS spectrum when using such short pump
pulses and to an increase in the uncertainty present in frequency measurements with shorter measurement
times.

4. Fully distributed and practical system:

One question left unanswered from our initial demonstration was whether the scheme could scale to more
practical lengths and to greater numbers of sensors. It was unclear whether the mode competition, pump
depletion, and attenuation might prevent further scaling. To address this concern, we demonstrated a system
with 1000 modes probing the last 3.5 km of a 5 km fiber. However, in the previous work, the pulsed lasing
modes only probed 40% of the FUT, leaving gaps between sensors. In this practical demonstration we also
introduced a technique to make fully contiguous measurements by creating two sets of circulating lasing
modes. We then characterized the temperature and strain response, measured strain noise, and probed the
limitations of further improvements in noise. These results are further detailed in ref. [19].

To make fully contiguous measurements, we modified the system to allow for two sets of modes to
circulate and to probe different sets of positions. We first increased the length of the feedback fiber such
that was greater than three times the length of the FUT making the total ring length more than four times
the size of the FUT. This allows two sets of lasing modes to circulate without overlapping. The pump pulse
period was then reduced to half of the round trip time of flight for the ring cavity, alternately amplifying
each set. Finally, the intensity modulator in the feedback section was driven with two sets of pulses. In both
cases, the pulses were 40 ns long separated by 72 ns and were composed of 500 such pulses. The second



set of pulses was separated from the first by half of the round trip time of flight for the cavity plus a 36 ns
offset. In this way the first set probed the “odd” positions in the FUT while the second set probed the “even”
positions, so that all positions in the fiber were measured without gaps.

This configuration was then used to probe a much longer length of fiber than in our previous work: 3.5
km of a 5 km fiber, using 1000 modes. During this work, we observed that the increase in length and number
of sensors did lead to manageable mode competition. While there were many more modes to control,
changes in the amplitude of one mode had a much smaller impact on the much larger number of other
modes. We also measured temperature and strain over a range of 18 to 40 °C and 0 to ~4 me respectively.
In both cases, we measured the expected Brillouin frequency shift and found cross-talk to be below the
noise level.

Finally we measured the sensor noise vs. position in the FUT. We measured a minimum strain noise of
34 ne/NHz (with average noise of 52 ne/\NHz). We also investigated the strain noise as a function of peak
pump pulse power. We observed that the noise decreased with increasing pump power until a minimum
was reached with ~1 W of pump power. Increasing the pump power beyond that level didn’t improve the
noise for modes sensing near the beginning of the FUT but resulted in much greater noise for sensors at the
end of the FUT. By measuring the transmitted pump power and spectrum we showed that this phenomenon
was due to modulation instability at high power (and not pump depletion), robbing the sensors at the end
of the FUT of available pump power. We noted that this is the same limitation on pump power for other
Brillouin fiber sensor systems and is amenable to similar solutions.

5. Conclusions

This memo described the work conducted under my NRL Karle Fellowship. The work investigated the
operation and performance of the DBFLS. This sensor captured the important qualities of Brillouin sensing
(distributed, absolute, strain and temperature measurements using standard unmodified telecom fiber) while
addressing the limiting factor of these systems, the poor sensitivity. We produced a first of its kind system
with high performance and demonstrated the basic trade-offs and limitations of this approach.
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