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Abstract: Brillouin based distributed fiber sensors present a unique set of characteristics
amongst fiber sensing architectures. They are able to measure absolute strain and temperature
over long distances, with high spatial resolution, and very large dynamic range in off-the-shelf
fiber. However, Brillouin sensors traditionally provide only modest sensitivity due to the weak
dependence of the Brillouin frequency on strain and the high signal to noise ratio required to
identify the resonance’s peak frequency to within a small fraction of its linewidth. Recently, we
introduced a technique which substantially improves the precision of Brillouin fiber sensors by
exciting a series of lasing modes in a fiber loop cavity that experience Brillouin amplification at
discrete locations in the fiber. The narrow-linewidth and high intensity of the lasing modes enabled
ultra-low noise Brillouin sensors with large dynamic range. However, our initial demonstration
was only modestly distributed: measuring strain at 40, non-contiguous positions along a 400 m
fiber. In this work, we greatly extend this methodology to enable fully distributed sensing at 1000
contiguous locations along 3.5 km of fiber—an order of magnitude increase in sensor count and
range. This highly-multiplexed Brillouin fiber laser sensor provides a strain noise as low as 34
ne/+/Hz and we analyze the limiting factors in this approach.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Brillouin based fiber sensors have advanced considerably in the three decades since their first
inception [1,2]. The growth of this technology has led to a broad range of sensor architectures
optimized for long range [3-7], high resolution [8—11], high speed operation [12—16], and
wide dynamic range [14,17-20] all using commercial off-the-shelf fiber. Despite variations
in their approach, all of these sensors are designed to measure the Brillouin frequency shift
(BFS), which is a linear function of strain and temperature. Although this sensing modality has
been substantially refined, it is still hampered by the inherently low sensitivity of the Brillouin
frequency to temperature or strain. As such, achieving low strain uncertainty requires Brillouin
sensors to identify changes in the Brillouin resonance that are a small fraction of the Brillouin
linewidth.

Recently, we demonstrated a substantial enhancement of the precision in determining the
Brillouin frequency using the excitation of a series of Brillouin lasing modes within the fiber
[20]. Our scheme relied on periodically pumping a fiber ring cavity such that the pump period
matches the round-trip time in the cavity, exciting a series of narrowband lasing modes that
experience Brillouin amplification at discrete locations in the fiber under test (FUT). In some
ways, this scheme is similar to a standard Brillouin optical time domain reflectometer (BOTDR)
[21], in which a pump pulse enters the FUT and the system measures the frequency of the
backscattered light over time. However, instead of measuring the frequency of weak, spectrally
broad, spontaneously backscattered light from each position in the fiber, the Brillouin laser sensor
measures the frequency of a train of lasing modes. Since these lasing modes are both brighter
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and spectrally narrower than spontaneous Brillouin scattered light, the Brillouin laser sensor
enables a far more accurate measurement of the Brillouin frequency.

In practice, the approach presented in [20] had a few limitations. First, in order to avoid
interference between neighboring lasing modes, the sensor positions were spatially separated,
resulting in a sparse measurement covering only 40% of the fiber under test. Second, the initial
demonstration was limited to 40 lasing modes in only 400 m of fiber, and it was unclear if mode
competition, pump depletion, and attenuation would prevent highly distributed sensing over
longer range.

Here, we present a technique that enables a fully distributed measurement probing every
position in a fiber. This is accomplished by circulating two sets of lasing modes, each of which
cover half the sensing positions in the FUT. These modes are then computationally interleaved,
resulting in complete coverage of the FUT at the cost of a 2x reduction in bandwidth. Further,
we demonstrate the scalability of this approach by exciting 1000 lasing modes along the last 3.5
km of a 5 km fiber while maintaining a low strain noise (34 ne/4/Hz) and a large dynamic range
(~5 me). Finally, we show that the limits on range and sensitivity are not specific to this scheme,
but are instead given by the onset of modulation instability.

2. Approach

The sensor is designed to excite a series of pulsed lasing modes that circulate in a fiber ring
cavity and experience Brillouin amplification at the same position in the fiber after each round
trip. This can be achieved by introducing a pulsed pump with a repetition period matched to the
round-trip time in the cavity. The FUT forms approximately half of the cavity where the lasing
modes interact with the pump. A slightly longer section is used to delay the modes, ensuring that
each lasing mode only interacts with the pump pulse at one position in the FUT (i.e., the pump
pulse should leave the FUT section of the ring before the first lasing mode is coupled back into
the FUT). Since the spatial extent of the pulsed lasing modes is shorter than the cavity length, the
lasing frequency is not dictated by the resonant modes of the cavity. Instead, the modes lase at
the frequency that experiences the most gain, corresponding to the peak of the Brillouin gain
spectrum at the position in the fiber where a given mode is amplified. This is crucial since it
ensures that the lasing frequencies are insensitive to phase variations in the optical pathlength of
the cavity. Thus, by measuring the frequency of the circulating lasing modes, the sensor is able
to infer the Brillouin frequency as a function of position in the fiber.

We encountered two related challenges when implementing this scheme. First, coupling and
interference between partially overlapping lasing modes corrupted the frequency measurements
and introduced cross-talk between nearby positions in the fiber. Second, mode competition
for gain limited the number of lasing modes which could be excited at once. To overcome
these challenges, we introduced an intensity modulator in the cavity. To avoid interference
between overlapping lasing modes, transmission through the modulator was pulsed so that
neighboring lasing modes were temporally (and spatially) separated. The modulator was also
used to compensate for mode competition, by adjusting the loss experienced by each mode. While
this allowed us to excite a series of discrete lasing modes, the modes were spatially separated,
resulting in a quasi-distributed measurement at a series of non-contiguous positions. In addition,
our initial demonstration was limited to 40 lasing modes (i.e., 40 sensor positions). It was unclear
if this approach could be scaled to more modes and longer sensing fiber lengths since mode
competition, pump depletion, and attenuation could all be limiting factors.

In this work, we adjusted the control scheme to excite two sequences of lasing modes. The
length of the cavity was increased to store an extra train of lasing modes while the pump period
was set to half the round-trip time. We then used the intra-cavity modulator to define the lasing
positions so that the “odd” positions in the fiber were probed using the first sequence of lasing
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modes and “even” positions with the second sequence. This allowed for fully-distributed sensing
at every position in the fiber.

Figure 1 schematically shows the architecture and control scheme used in this work. A single
narrow linewidth laser (<1 kHz) is split into the pump and LO paths. Along the pump path, the
laser was first directed to an acousto-optic modulator (AOM) driven by a short RF burst. This
provides high extinction, but the pulse lengths are limited to ~100 ns. EOM; then carves 40
ns pulses with modest extinction (setting the measurement resolution to 4 m; see Supplement
1 for a discussion of spatial resolution). The pump pulse repetition period was set to half the
round-trip time in the cavity (within 0.5 ns) in order to excite two sequences of lasing modes.
Note that the system is robust to slight mismatches between the pulse repetition period and half
the round-trip cavity length (up to a few ns), which will introduce small amounts of additional
loss. In this work, the repetition period was set to 51.4 us since the cavity length was ~20 km
(including a 5 km FUT and 15 km feedback fiber). The pump pulses are then directed to a
polarization switch consisting of a 2 x 2 EOM and a polarizing beam splitter (PBS). The EOM
directed alternating pulses to opposite ports of the PBS, producing sequential pump pulses with
orthogonal polarization to mitigate polarization fading. Finally, the pump pulses were amplified
by an erbium doped fiber amplifier (EDFA) and injected into the fiber under test (FUT) section
of the ring cavity through a circulator. A second circulator was used to remove the residual pump
pulse at the end of the FUT, enabling non-resonant pumping. Note that both EDFAs used in this
study include a 100 GHz wavelength division multiplexing (WDM) filter to reduce the amplified
spontaneous emission (ASE). For this work the peak pump power was set to the maximum before
the onset of significant modulation instability (~1 W).
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Fig. 1. The experimental setup used to realize the fully distributed Brillouin fiber laser
sensor. The fiber ring consists of a ~5 km section of fiber under test as well as a ~15 km
feedback fiber. The longer section of feedback fiber allows two sets of modes to circulate
in the cavity. One set of modes (blue) measures the odd positions in the fiber, while the
other set (orange) is offset from the first such that it probes the even positions. Pump pulses
are introduced at a period equal to half the round-trip time in the fiber ring cavity. After
demodulation, the measurements can be interleaved to retrieve the Brillouin frequency shift
at every position.
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The fiber ring cavity consists of the FUT, polarization control, amplitude control, amplification,
and delay sections. The FUT (the upper part of the fiber ring cavity in Fig. 1) consists of a 5
km fiber, including 4 m on a linear strain stage and ~4 m on a temperature control stage. A set
of polarization control paddles and a polarizing beam splitter are used to reset the polarization
state of the modes after each round-trip to prevent polarization procession [20]. A 90:10 coupler
directs a small portion of the circulating lasing modes to the detector where it is combined
with the LO to measure the lasing frequency. The other 90% of the light is directed to EOM,
which was used to define the lasing positions and compensate for mode competition. EOM;
was driven with two sequences of 500 pulses. Each pulse was 40 ns long (matching the pump
pulse duration) and the pulses were separated by 72 ns (resulting in 7.2 m mode spacing). By
temporally separating the lasing modes in each sequence, we prevent inter-mode interaction such
as mode coupling, as well as interference between neighboring modes which could corrupt the
frequency measurement. The two sequences were offset by 36 ns relative to the two pump pulses
that entered the FUT each round trip. The pulses were timed such that the lasing modes probed
the last 3.5 km of the 5 km FUT. As shown in the timing diagram in the lower inset in Fig. 1,
this resulted in two sequences of lasing modes which experienced Brillouin amplification at
interleaved “odd” and “even” positions in the FUT. To compensate for mode competition and
ensure single-mode lasing at each sensor position, an automated routine was used to adjust the
transmission through EOM, for each pulse [20]. This ensured that each lasing pulse consisted of
light at a single frequency, albeit transform-limited by the pulse duration.

After EOM,, the lasing modes were directed to an EDFA which compensated for loss in the
cavity and reduced the Brillouin pump power required to achieve lasing. Finally, a 15.2 km
“feedback” section of the fiber cavity was used to delay the lasing modes before they are coupled
back into the FUT. Note that the first and last modes excited by a given pump pulse will be
separated by the round-trip time in the FUT. Spatially, these modes will be separated by twice the
length of the FUT. In order to accommodate two sets of lasing modes, the entire cavity needs to
be 4x the length of the FUT—achieved by setting the feedback section to be at least 3x longer
than the FUT. This ensures that the “odd” sequence of lasing modes will not interact with the
pump pulse intended for the “even” sequence of lasing modes and vice versa.

To measure the lasing frequency, we combined the lasing modes with a LO using heterodyne
detection. The LO was directed through EOM3, which was driven at approximately the Brillion
frequency (~10.8 GHz) in the suppressed carrier mode to create a pair of sidebands. The lasing
modes and LO were then combined on an 800 MHz detector and the interference signal was
digitized at 1 GS/s. We used I/Q demodulation to extract the amplitude and phase of the lasing
modes and recovered the frequencies of the lasing modes by linear regression of the slope of
the demodulated phase [20]. Finally, the measurements obtained from the two sequences of
lasing modes are interleaved to obtain a continuous measurement of the Brillouin frequency as a
function of position in the FUT.

It should be noted that, while this interleaving approach enables completely distributed sensing,
it does entail some trade-offs. Most importantly, this scheme doubles the sensor density at the
cost of halving the sensor bandwidth and thus increasing the sensor self-noise by a factor of V2.
However, since this technique does not require scanning or averaging to obtain a measurement,
the sensor bandwidth remains relatively high. The other trade-off is that the feedback fiber needs
to be 3x the length of the FUT, rather than simply equal to the length of the FUT. This could be a
more significant drawback at longer ranges due to optical attenuation.

3. Experiments

Figure 2 shows the basic operation of the system and the computational interleaving. A typical
interference signal recorded on the photodetector is shown in Fig. 2(a). This interference signal
includes two sequences of 500 lasing modes. The round-trip time in the fiber ring is 102.8 ps
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and the pump repetition period was set to 51.4 ps. The first set of modes (blue) probes the “even”
fiber positions while the second set (orange) probes the “odd” fiber positions. As shown in
Figs. 2(b),(c), the individual lasing modes are confined to ~40 ns and spaced by 72 ns, matching
the settings on EOM;. This separation was chosen to provide a slight overlap between the sensor
positions probed by the “odd” and “even” modes. This overlap is evident in Fig. 2(d), which
shows the same modes in Figs. 2(b),(c), but converted to position in the fiber.
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Fig. 2. Experimental demonstration of the fully distributed fiber laser sensing technique.
(a) A typical time trace of the interference pattern produced by the mixing of the LO and the
1000 lasing modes over a complete round trip period of the fiber ring cavity. This includes
two sets of modes: the first set (blue) probes the “odd” positions in the FUT while the second
set (orange) measures the “even” positions. (b),(c) The interference patterns of the last few
modes in each set, with the time referenced to the introduction of the pump pulse. (d) The
interference patterns from (b),(c) overlapped, showing that by interleaving the two sets of
modes, every position is measured. (e) Spectrogram depicting the Fourier transform of the
interleaved modes. The black line marks the peak at each position. The inset (f) shows the
last 60 m of FUT where a 4 m section of fiber is under strain. The frequency in the strained
section is shifted by ~40 MHz while the surrounding modes are unaffected.

Figure 2(e) shows a spectrogram obtained by calculating the Fourier transform of each lasing
mode. The linewidths of the individual modes are transform limited to ~25 MHz based on the
40 ns pump pulses. The peak of the spectrogram is marked with a black line. Note that the
spectrogram is for illustrative purpose—in practice, the Brillouin frequencies were extracted by
measuring the slope of the demodulated phase of each mode. Nonetheless, this spectrogram
provides a clear visualization of the sensor operation. The FUT consists of a 5 km spool of fiber
with a 4 m section of fiber near the end wrapped on a linear strain stage. In this case the 3™ from
the last mode probes the section of fiber on the stage. As can be seen in Fig. 2(f) the frequency
of this mode was shifted by ~40 MHz due to the applied strain. However, the surrounding modes
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remain unaffected confirming that the “odd” and “even” modes probe distinct positions along the
fiber. This represents a substantial improvement over our previous work, which effectively only
probed the odd modes, and thus would have “missed” this strained section.

The sensor was then quantitatively characterized by measuring the frequency response of
the lasing modes to changes in temperature or strain. Figure 3 plots the measured change in
the Brillouin frequency for an odd lasing mode near the beginning of the FUT (mode number
11, positioned ~1500 m into the FUT), an even mode sensing the middle of the fiber (mode
number 502, sensing ~3100 m into the FUT), and a mode sensing the strained region at the end
of the FUT (mode number 998, sensing 4993 m into the FUT) while the strain was swept from 0
strain to >4 me. Here the maximum measured strain is limited by our strain stage, whereas the
dynamic range of the sensor is limited only by the bandwidth of the detector and digitizer (350
MHz, corresponding to a dynamic range of ~7 me). These measurements took place over ~1
hr. Over this time period, the measured Brillouin frequency drifted with a standard deviation
of ~1 MHz. We found that this drift was primarily due to changes in the lasing amplitude and
amplitude-to-frequency cross-sensitivity in the demodulation algorithm. After compensating for
this effect, the fluctuations were suppressed, resulting in the measurement shown in Fig. 3. The
modified algorithm used to remove the amplitude cross-sensitivity is discussed in Supplement 1.
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Fig. 3. (a) Measured frequency offset versus applied strain in the 4m section of strained fiber
near the end of the FUT. An odd mode near the start of the FUT (mode 11, ~1500 m into the
FUT) and an even mode in the middle of the FUT (mode 502, ~3100 m into the FUT) are
also shown. The sensor at the strained position accurately measures the strain with excellent
linearity while crosstalk at the other lasing positions is below the noise level. (b) The
measured frequency shift versus temperature shift in a section of fiber on a temperature
stage near the end of the FUT along with two reference positions. The frequency shift due
to temperature is accurately recovered in the mode at the heated/cooled position without
cross-talk.

As can be seen, the laser sensor in the strain section experienced a linear change in frequency
with a slope of 48.5 kHz/ue, in good agreement with the nominal strain sensitivity of ~50 kHz/pe
for Brillouin fiber sensors [22]. Similarly, a section near the end of the FUT was placed on a
temperature control stage and the temperature was swept from 18 to 40 °C. Figure 3(b) displays
the frequency of the lasing mode probing the temperature-controlled section compared to the
same modes shown in Fig. 3(a). The frequency response of the temperature modulated sensor
was 1.00 MHz/°C in excellent agreement with the nominal dependence of ~1 MHz/°C [22]. In
both sweeps, cross talk between the modulated section and the other modes was below the noise
level and suppressed by at least a factor of 200.

We then investigated the noise dependence of the sensor as a function of mode number and
pump power. To do this, we recorded a series of datasets while varying the peak pump power
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from 620 mW to 1140 mW. As the Brillouin pump power increased, we reduced the EDFA gain
in the loop to prevent multimode lasing. We also allowed the automated routine to re-balance the
transmission through EOM to obtain single mode lasing at all sensor positions at each pump
power. We then calculated the minimum detectable strain for each sensor position. Figure 4(a)
shows the measured noise of the sensor versus position for each pump power. At low pump
powers, the noise was relatively high since a large portion of the gain is provided by the EDFA,
resulting in broadband noise. As the pump power increases, the noise uniformly decreases until
it reaches a minimum of 34 ne/+/Hz (with average noise of 52 ne/+/Hz) at a pump power of ~1.03
W. However, continuing to increase the pump power to 1140 mW introduced a sharp increase
in noise at the end of the fiber. This noise increase stems from modulation instability which
eventually decreases the power at the original pump frequency, as confirmed by monitoring the
transmitted pump spectrum on an optical spectrum analyzer (see Supplement 1).
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Fig. 4. The variation in sensor noise and loop EOM transmission required for lasing. (a) The
measured noise versus sensor position for several peak pump powers. The noise decreases
with increasing pump power until ~1 W, after which modulation instability reduces the
available pump power for modes near the end of the FUT. (b) The relative EOM transmission
required for each mode to produce lasing. At high pump powers, the transmission for the
modes near the end of the FUT needs to be greatly increased since modulation instability
reduces the pump power available at the original pump frequency at the end of the FUT.

This effect can also be seen in the calculated transmission though EOM; which was optimized
in an automated feedback loop to ensure that each mode lases with uniform power without the
onset of multimode lasing. Figure 4(b) shows the relative EOM transmission vs sensor position
for various peak pump powers. At low pump powers, the transmission is relatively uniform for
all of the modes. The slight increase in transmission with position is attributed to gain saturation
effects in the EDFA, rather than depletion of the Brillouin pump. Since the lasing modes entering
the FUT had a peak power of ~1 mW, pump depletion was relatively minimal (see Supplement
1). However, the EOM transmission changed dramatically at a pump power of 1140 mW, and
much higher transmission was required to obtain lasing at the end of the fiber. This is consistent
with reduced Brillouin gain at the end of the fiber due to modulation instability.

As in most distributed fiber sensors, increasing the length of the FUT reduces the sensor
bandwidth and increases the self-noise since the measurement rate is reduced. Since the
modulation instability threshold also depends on the fiber length, increasing the fiber length will
require a reduction in pump power which will also increase the self-noise.

Lastly, the uniform strain noise across 1000 modes in Fig. 4(a) confirms that we were able to
excite single mode lasing at 1000 positions simultaneously. We were initially concerned that it
would be challenging to optimize the transmission through EOM, for 1000 modes simultaneously.
However, as the number of modes increases the influence of a single mode amplitude is diminished.
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While the system has more degrees of freedom it is more robust to perturbations. Thus, we found
that the same iterative algorithm described in [20] which adjusts the transmission for all modes
at once rapidly converged despite the large number of modes (typically requiring only a few
seconds). Overall, the mode balancing process does not appear to become significantly more
challenging as the number of modes increases.

4. Conclusions

Here, we introduced a technique which allows for continuously distributed sensing using Brillouin
lasing. We also demonstrated the scalability of this approach, showing operation in 3.5 km of
fiber with 1000 sensing positions. We investigated the pump power dependence and found that
modulation instability eventually limits the sensor performance, similar to other Brillouin sensing
techniques. However, this limitation in noise performance/range also implies that the system is
amenable to further improvements using techniques such as distributed Raman amplification.
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