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Brillouin fiber sensors can provide distributed strain and temperature measurements over long distances in standard
off-the-shelf fiber by measuring the Brillouin frequency shift as a function of position along a fiber. The primary draw-
back of these systems is their limited sensitivity, which results from the challenge in identifying the Brillouin frequency
shift to within a small fraction of the Brillouin linewidth. In this work, we introduce a technique that overcomes this
fundamental limitation by establishing a series of lasing modes that experience Brillouin amplification at discrete spatial
locations in the test fiber. The linewidth narrowing and high intensity associated with the lasing transition enable precise
measurements of this lasing frequency. As an initial demonstration, we present a sensor that simultaneously excites 40
lasing modes in a 400 m fiber, providing a measurement of the strain at 40 discrete locations with a spatial resolution of
4 m. Each sensor exhibits a minimum detectable strain as low as 4 nε/Hz1/2 with a dynamic range of > 5 mε and a band-
width of ∼10 kHz. As the first demonstration that Brillouin lasing can be used for distributed fiber sensing, this work
establishes an approach that could enable ultrahigh strain sensitivity using off-the-shelf fiber. © 2022 Optical Society of

America under the terms of theOSAOpen Access Publishing Agreement
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1. INTRODUCTION

Brillouin fiber sensors enable fully distributed, absolute strain and
temperature measurements in standard off-the-shelf fiber. Many
Brillouin sensors also provide a large dynamic range [1–5] and the
ability to operate over long distances [6,7] with high spatial resolu-
tion [8–13]. These unique features make Brillouin sensors ideally
suited for a variety of structural health monitoring applications
[14,15]. However, Brillouin sensors struggle to achieve the same
sensitivity as competing technologies such as fiber Bragg grating
(FBG) sensors or Rayleigh based sensors. This limited sensitivity
results from the need to measure the Brillouin resonant frequency
to within a small fraction of its linewidth. To fully exploit the many
attractive features of Brillouin fiber sensors, a technique capable of
achieving higher sensitivity is required.

While an impressive array of Brillouin sensing modalities
exists, they all rely on the same basic transduction mechanism:
they measure the Brillouin frequency shift, which is a linear func-
tion of strain and temperature in the fiber. This is accomplished
by measuring either stimulated Brillouin scattering (SBS), as in
Brillouin optical time domain analysis (BOTDA), or spontaneous
Brillouin scattering (SpBS), as in Brillouin optical time domain
reflectometry (BOTDR). SBS based sensors operate by injecting
counterpropagating pump and probe beams into the test fiber and
typically exhibit lower noise since the SBS process is more efficient.
On the other hand, they require access to both ends of the fiber, and
the dynamic range is limited by the need to scan or track the relative
frequency between the pump and probe beams. In contrast, SpBS
based sensors enable single-ended operation by simply injecting

pump light into the fiber and measuring the frequency of the
spontaneously backscattered light. This approach enables a large
dynamic range, but the weak spontaneous scattering process results
in low light levels, and extensive averaging is often required.

Over the past decade, a number of variations on these basic
schemes have been introduced to improve the spatial resolution
[8–13], dynamic range [1–5], linearity [3,16], signal-to-noise
ratio (SNR) [16], and cross talk in these sensors [2,17]. Despite
these advances, all of these sensors have to contend with the intrin-
sically low responsivity of the Brillouin resonance to strain and
temperature (∼0.05 MHz/µε and ∼1 MHz/K) [18]. Although
the Brillouin resonance is relatively narrow (∼30 MHz in standard
telecom fiber), detecting small changes in strain or temperature
requires the sensor to measure the center of the Brillouin resonance
to within a small fraction of its linewidth. For comparison, the reso-
nance of an FBG has a strain response of the order of 100 MHz/µε

[19]. If we consider a standard, commercially available FBG with
a linewidth of 1 GHz, detecting 1 µε would require the sensor
to measure a shift in the resonance by 10% of the full-width at
half-maximum (FWHM). In contrast, a Brillouin sensor would
need to be sensitive to a shift in the Brillouin resonance as small
as 0.17% of the FWHM to detect the same 1 µε. Since most
Brillouin sensors—whether they operate using SBS or SpBS—do
not alter the intrinsic linewidth of the Brillouin resonance, high
SNR is required to accurately estimate the center of the resonance
[16,20,21]. In practice, the situation is even more challenging in
many time-domain modalities such as BOTDA, since short pulses
effectively broaden the Brillouin linewidth [22]. One notable
exception is a technique called gain spectrum engineering, which
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combines a series of Stokes and anti-Stokes interactions to narrow
the effective Brillouin resonance [23–25]. While this work high-
lights the potential benefits of altering the resonant linewidth, the
narrowest linewidth reported using this approach is∼3 MHz [24].

To overcome this inherent limitation, we leverage the linewidth
narrowing effect associated with the Brillouin lasing transition
to perform precise measurements of the Brillouin resonance.
Brillouin fiber lasers can provide exceptionally narrow linewidths
due to their ability to suppress the intensity and frequency noise
of a pump laser [26–30]. However, Brillouin lasing has rarely
been used for sensing, and the only attempts we are aware of were
limited to probing a single, extended sensor [31–33]. Here, we
introduce a scheme that enables distributed sensing by using a
pulsed pump to excite a series of lasing modes in a fiber ring cav-
ity. The lasing modes exhibit linewidths of 4 kHz—four orders
of magnitude narrower than the Brillouin gain spectrum. This
approach also combines the high intensity and high SNR of SBS
based approaches with the large dynamic range of SpBS schemes.
These features allow the sensor to achieve a minimum detectable
strain of only 4 nε/Hz1/2 with a dynamic range of > 5 mε and a
bandwidth of∼10 kHz.

2. METHOD

The distributed Brillouin laser sensor is designed to excite a series of
temporally separated lasing modes that are amplified by SBS in the
fiber under test (FUT) at distinct locations. The key components
of the sensor are shown in Fig. 1. The system resembles a standard
Brillouin fiber ring laser, with a few important distinctions. First,
the pump is coupled in and out of the ring cavity using a pair of
circulators. This allows for non-resonant coupling, avoiding the
need to lock the pump frequency to a cavity resonance [27,28,34].
Second, instead of using a continuous wave (CW) pump, the pump

Fig. 1. (a) Distributed Brillouin laser sensor is formed by periodically
pumping a fiber ring cavity. The pump pulse repetition period is matched
to the round-trip time in the cavity, ensuring that Brillouin scattered
light will experience Brillouin amplification at the same position in the
fiber after each round trip. A fraction of the lasing light is picked off, and
the lasing frequency is measured as a function of time. (b) A pump pulse
will create a series of Brillouin gain spectra that are down-shifted by the
Brillouin frequency at each position in the fiber. Narrowband lasing will
occur at the peak of the gain spectrum at the position where a given mode
experiences amplification. The lasing modes are orders of magnitude
narrower than the Brillouin gain spectra, enabling precise measurements
of the Brillouin frequency.

beam is modulated into a series of pulses similar to a BOTDA or
BOTDR measurement. This allows a time-resolved measurement
to identify lasing modes that experience Brillouin amplification at
different locations in the fiber. When the pump pulse first enters
the FUT, it will generate spontaneous Brillouin scattered light
traveling in the counterclockwise (CCW) direction through the
ring. After circulating through the loop, this spontaneously scat-
tered light will experience amplification by SBS when it interacts
with the next pump pulse. Matching the pump pulse period to the
round-trip time ensures that this scattered light will experience
SBS at the same position after each round trip. If the SBS gain
exceeds the round-trip loss in the cavity, the mode will begin to lase.
By using this type of ring cavity geometry with pulsed operation,
lasing will naturally occur at the frequency with the highest gain,
providing a measurement of the Brillouin resonance at the position
where a given mode experiences amplification. This is in contrast
to CW Brillouin fiber lasers, which lase at the cavity resonance
closest to the peak of the gain spectrum [26].

This architecture allows the sensor to excite a series of N lasing
modes that experience gain at N positions in the fiber connecting
the two circulators. Although the lasing modes circulate in the
same ring cavity, they are temporally separated and exhibit distinct
lasing frequencies. After each round trip, a fraction of each lasing
mode can be removed from the ring cavity, and the lasing frequency
can be measured as a function of time to infer the Brillouin fre-
quency as a function of position in the FUT. As in a BOTDA or
BOTDR system, the pump pulse duration will dictate the spatial
resolution of the system. A diagram of the relative frequencies of
three example lasing modes, their respective Brillouin gain spectra,
and the pump frequency are shown in Fig. 1(b). This scheme takes
advantage of the linewidth narrowing and high intensity associated
with the lasing transition to enable a precise measurement of the
Brillouin frequency as a function of position in the fiber.

3. RESULTS

To experimentally realize this scheme, we introduced a few modi-
fications to the basic concept described above. First, we introduce
a scheme to compensate for polarization fading and polarization
procession, allowing the sensor to use standard single mode fiber as
the FUT. Second, we present a technique to compensate for mode
competition, enabling the sensor to excite a large number of lasing
modes simultaneously.

A schematic of the experimental setup used in this work is
shown in Fig. 2. A narrowband CW laser was divided into two
paths to generate the pump pulses and a local oscillator (LO).
Along the pump path, an electro-optic modulator (EOM1 was
used to generate 40 ns pump pulses with a repetition period of
∼5 µs. The repetition period was fine-tuned to match the round-
trip time in the ring cavity. The pump pulses were then directed to
a polarization switch consisting of a 2× 2 EOM and a polarizing
beam splitter (PBS). The 2× 2 EOM directed alternating pulses to
opposite ports of the PBS, generating sequential pump pulses with
orthogonal polarizations. This scheme is often used in BOTDA
systems and can efficiently mitigate the effects of polarization
fading [35]. A subtle difference here is that due to the circulation
of light, averaging of the two polarization states occurs automati-
cally. Finally, the pump pulses were amplified to a peak power of
∼100 mW before being coupled into the ring cavity through a
circulator. A 100 GHz wide wavelength division multiplexing
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Fig. 2. Experimental setup used to realize the distributed Brillouin laser sensor. The components in the gray dotted box comprise the interrogation sys-
tem, while the FUT consists of 400 m of fiber with 10 m of fiber mounted on a linear PZT strain stage. A fiber optic circulator and 500 m of additional fiber
are used to complete the ring cavity and provide the feedback required for lasing. Note that the blue lines in the schematic indicate polarization maintain-
ing fiber (PMF), while the yellow lines indicate single mode fiber (SMF). 100 GHz WDM filters (not shown) are included after each EDFA to suppress ASE.
The lower insets show schematics of the transmission through EOM1 and EOM2 the lasing amplitudes in the time domain reaching the photodetector, and
the relative frequencies of the pump, LO, and lasing modes.

(WDM) filter was included after the EDFA to suppress amplified
spontaneous emission (ASE).

The FUT, or upper portion of the ring cavity, consisted of
400 m of single mode fiber with∼10 m of fiber stretched across a
linear piezoelectric transducer (PZT) stage positioned 20 m after
the first circulator. A second circulator was used to remove the
residual pump light from the ring. As in the basic overview shown
in Fig. 1, the SBS process will excite lasing modes traveling in the
CCW direction. To suppress the effect of polarization procession,
the lasing modes were directed through a manual polarization
controller and a PBS. The polarization controller was adjusted to
minimize loss at the PBS. This ensured that the polarization state
of the lasing modes was fixed at the beginning of each round trip. A
90:10 coupler was then used to direct a portion of the lasing modes
to a detector where they were combined with the LO.

The remaining 90% of the lasing power was directed to EOM2

which was used to control mode competition. Mode competition
can limit the number of lasing modes excited in the cavity and pre-
clude the system from performing a distributed measurement over
the entire FUT. For example, if the lasing modes immediately after
the circulator reach threshold first, they can deplete the pump and
there may not be enough pump power remaining for later modes
to reach their lasing thresholds. To mitigate this effect, we used
EOM2 to adjust the round-trip loss experienced by each mode.
This allowed us to compensate for mode competition (e.g., by
selectively attenuating the modes at the beginning of the fiber that
experiences the highest gain) and enabled multimode lasing. This
was achieved by driving EOM2 with a pulse train with gradually
increasing amplitude, as shown schematically in the inset in Fig. 2.
The pulse train period was matched to the round-trip time in the
cavity, and the individual pulses had the same duration as the pump
pulse. Using a pulse train rather than a continuously varying trans-
mission function also allowed us to excite a series of discrete lasing
modes (i.e., one mode per pulse). This helped to avoid interfer-
ence between partially overlapping modes, which could obscure a

measurement of the lasing frequency at a given position. As we will
discuss below, pulsing EOM2 also sets the minimum transform
limited bandwidth of the lasing modes, which has implications for
the sensor bandwidth.

In the initial demonstrations presented in this work, EOM2 was
driven with a train of 40 pulses separated by 100 ns. The individual
pulses were 40 ns in duration (matched to the pump pulse dura-
tion) providing a spatial resolution of 4 m, while the 100 ns pulse
spacing provided a measurement of the Brillouin frequency in the
fiber every 10 m. A simple numerical routine was used to automati-
cally adjust the transmission for each mode until all 40 modes were
lasing with comparable amplitude (see Supplement 1 for more
detail). This routine required a few seconds to complete and was
limited by instrument latency, but could be adapted to periodically
adjust the mode-dependent loss to maintain multimode lasing in a
deployed system.

Finally, an EDFA was included in the ring cavity to compensate
for the insertion loss in EOM2 This allowed the system to reach
the lasing threshold at modest levels of Brillouin gain and to avoid
issues associated with pump depletion (e.g., non-local effects [36]).
Note that a 100 GHz WDM filter was included after the EDFA
to suppress ASE. Since the EDFA gain spectrum is effectively flat
across the 100 GHz WDM band, lasing still occurs at the Brillouin
frequency. A similar approach has been used in non-resonantly
pumped Brillouin fiber lasers to reduce the Brillouin pump power
required [26]. After the EDFA, the lasing modes passed through an
additional 500 m of fiber before being directed back into the FUT
through the second circulator. By making the lower half of the
ring cavity longer than the FUT, we ensured that the lasing modes
interacted with the pump pulse only once per round trip (i.e., the
first lasing pulse must be delayed in the lower half of the cavity for
at least the time it takes for the pump pulse to traverse the FUT).

To measure the lasing frequency, the lasing modes were
combined with a LO on a 350 MHz photodetector, and the
interference signal was digitized at 1 GS/s. The LO was frequency

https://doi.org/10.6084/m9.figshare.17192645
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shifted by driving EOM3 with a 10.5 GHz tone while it was DC
biased for carrier suppression. This created a pair of sidebands at
±10.5 GHz, close to the ∼10.6 GHz Brillouin frequency in the
FUT. This reduced the intermediate frequency between the lower
sideband of the LO and the lasing modes to within the detector
bandwidth, while the upper sideband of the LO produced a small
DC offset in the detected signal. The relative frequencies of the
LO, the pump, and the lasing modes are shown in the lower right
inset in Fig. 2.

A typical measurement of the interference pattern produced by
the LO mixing with a series of 40 lasing modes is shown in Fig. 3(a).
In this case, 40 ns pump pulses were injected into the FUT, provid-
ing 4 m spatial resolution, while the pulse train sent to EOM2 was
adjusted to obtain lasing with uniform amplitude across 40 modes
separated by 100 ns (corresponding to 10 m spacing in the FUT).
The linear strain stage located 20 m into the FUT was used to shift
the Brillouin resonance frequency. This location corresponds to the
position where the second lasing mode experienced amplification.
As a coarse evaluation of the lasing frequency, we calculated the
Fourier transform of the interference signal produced by each 40 ns

pulse, as shown in the spectrogram in Fig. 3(b). The Brillouin
frequency labeled on the y axis was obtained by adding the Fourier
frequency to the frequency shift imposed on the LO. This spectro-
gram showed that the Brillouin frequency at the position where
the second lasing mode experienced gain (i.e., on the PZT stage)
was shifted by ∼30 MHz with respect to the Brillouin frequency
in the rest of the fiber. Note that this spectrogram, showing the
Brillouin frequency at each position in the fiber, was obtained from
a single measurement of the lasing modes acquired in just 4 µs.
The high intensity of the lasing modes allows the system to quickly
characterize the Brillouin frequency throughout the FUT without
requiring the extensive averaging typical of BOTDR and many
BOTDA systems.

To more accurately estimate the lasing frequency, we used
quadrature demodulation (I/Q demodulation) to extract the
amplitude and phase of each mode from the interference pattern
shown in Fig. 3(a). The amplitude and phase for the first and
second lasing modes are shown in Figs. 3(c) and 3(d). The slope of
the phase provides a measurement of the intermediate frequency

Fig. 3. (a) Measured interference pattern produced by the LO mixing with a series of 40 lasing modes. (b) Spectrogram showing the Fourier transform
of each 40 ns pulse in (a). The change in Brillouin frequency at the PZT stage 20 m into the fiber is clearly visible. (c), (d) Interference pattern (blue dashed
lines) and demodulated amplitude (blue solid lines) along with the demodulated phase for the first two lasing modes. The slope of the phase was used to esti-
mate the Brillouin frequency. (e) PSD of the interference pattern produced by the first lasing mode and the LO recorded over 1 ms. The width of an individ-
ual comb tooth is shown in (f ) for varying acquisition time. The minimum linewidth of 4 kHz indicates that the lasing linewidth is four orders of magnitude
narrower than the Brillouin gain spectrum.
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between the LO and the lasing mode and can be used to calcu-
late the Brillouin frequency as fSBS = fEOM3 + [dφ/dt]/(2π),
where fEOM3 is the 10.53 GHz frequency shift applied to the LO.
Here, we calculated the slope of the phase for each mode using a
linear fit over the 40 ns with the highest magnitude. This approach
showed that the Brillouin frequency at the first sensor position was
10.637 GHz, while the strain introduced by the PZT shifted the
Brillouin frequency at the second sensor position by 28 MHz to
10.665 GHz.

This initial analysis showed that this approach can enable
single-shot measurements of the Brillouin frequency with a large
dynamic range (limited only by the detector and digitizer band-
width). However, our primary motivation for using the lasing
phenomena was to leverage the linewidth narrowing effect to
more accurately measure the Brillouin frequency. Due to the short
temporal duration of the lasing pulses, their transform limited
bandwidth remains relatively broad at 25 MHz for a 40 ns pulse.
However, such a single-shot analysis neglects the pulse-to-pulse
coherence, which makes the lasing modes resemble an optical fre-
quency comb. Thus, to analyze the linewidth of the lasing modes,
we adopted a technique commonly used to characterize frequency
combs [37,38]. We first recorded a 5 ms dataset consisting of 1000
measurements of the lasing pulse train interfering with the LO.
We then applied a 100 ns Hanning window to select the first lasing
mode in each pulse train. Finally, we calculated the power spectral
density (PSD) of the windowed interference signal over varying
lengths of time. A typical PSD obtained in this manner is shown in
Fig. 3(e), revealing a series of lines spaced by ∼200 kHz (i.e., the
pulse repetition period), characteristic of an optical frequency
comb. In Fig. 3(f ), we show the linewidth of an individual comb
tooth calculated using varying integration times. The minimum
linewidth, obtained using a 0.5 ms integration time, was 2 kHz,

which is four orders of magnitude narrower than the Brillouin
linewidth. The linewidth broadened slightly in longer datasets,
likely due to environmental drift in the relative phase between the
LO and the lasing mode. Nonetheless, this dramatic linewidth
reduction illustrates the potential for this approach to identify the
Brillouin resonance with unprecedented accuracy.

We then conducted a series of experiments to quantitatively
evaluate the sensor performance. First, we collected a series of static
measurements while gradually increasing the strain on the PZT
stage to evaluate the linearity and dynamic range of the sensor.
The Brillouin frequency at each sensor position was extracted by
calculating the slope of the demodulated phase, as described above.
As shown in Fig. 4(a), the Brillouin frequency at the PZT posi-
tion increased linearly with strain while the Brillouin frequency
at the remaining positions was unaffected. This measurement
also confirmed that the sensor exhibited the expected response of
∼0.05 MHz/µε [18] and exhibited a dynamic range of at least
5 mε, approaching the damage threshold of the fiber. The cross talk
experienced by the remaining modes was below −47 dB, despite
the fact that every lasing mode passes through the strained section
of fiber. This confirmed the basic operating premise of the sensor:
that each mode’s lasing frequency is dictated by the Brillouin
frequency at the position where a mode experiences gain and is
independent of the Brillouin resonance in the rest of the fiber or the
length of the ring cavity.

We then evaluated the ability of the sensor to measure dynamic
strain. While the sensor obtains a measurement of the Brillouin
frequency after each round trip, two additional factors can influ-
ence the actual sensor bandwidth. The first factor to consider is
how quickly the lasing mode changes frequency when the Brillouin
frequency changes. Consider the case in which a lasing mode is
already established at the center of the Brillouin gain spectrum

Fig. 4. (a) In the static regime, the sensor accurately tracked the change in Brillouin frequency as strain was applied to the PZT stage. The Brillouin
frequencies measured at the remaining sensor positions were unaffected. (b) The sensor response time was measured by modulating the pump frequency
with a deviation of 100 kHz at varying frequencies from 10 Hz to 50 kHz. The measured modulation in the Brillouin frequency accurately tracks the pump
modulation up to a 3 dB bandwidth of∼10 kHz. (c) Time-varying strain recovered from the first four lasing modes while a dynamic, 20 Hz sinusoidal strain
was applied to the PZT. The lasing mode under strain clearly tracks the PZT modulation, while the remaining modes were unaffected. Note that a 600 Hz
low pass filter was applied for clarity. (d) Amplitude spectral density for the same 100 ms long dataset shown in (c). The 20 Hz modulation is observed at the
PZT position with an average cross talk below−29 dB. This ASD also provided a measurement of the minimum detectable strain.
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when the gain spectrum suddenly shifts due to strain in the fiber.
Since the lasing mode is no longer centered at the peak of the gain
spectrum, gain pulling will eventually shift the lasing frequency
back to the center (see Supplement 1 for further discussion).
However, the efficiency of the gain pulling effect depends on the
instantaneous bandwidth of the lasing mode, since gain pulling
relies on selectively amplifying the spectral components of the
mode that overlap with the peak of the gain spectrum. As a result,
shorter pulses will respond faster to a change in the Brillouin fre-
quency due to their broader transform limited bandwidth. In our
experiments, the 40 ns pulse duration set by EOM1 and EOM2

ensures that the lasing modes have a transform limited bandwidth
of ∼25 MHz. To evaluate the effective bandwidth of the sensor,
we modulated the pump frequency by inserting an acousto-optic
modulator (AOM) before EOM1 Modulating the pump frequency
shifts the Brillouin gain spectrum relative to the lasing mode and
allowed us to evaluate the sensor response over a wide range of
frequencies (including frequencies beyond the PZT bandwidth).
The pump frequency was modulated with a deviation of 100 kHz
at varying frequencies from 10 Hz to 50 kHz. The amplitude spec-
trum of the measured lasing frequency is presented in Fig. 4(b).
The response of the first lasing mode is shown in the figure, but
each mode showed a similar response. We found that the lasing
mode efficiently tracked the change in the pump frequency up
to ∼5 kHz. However, above ∼5 kHz, the lasing frequency strug-
gled to keep up with the change in the pump frequency, and the
response began to fall off, resulting in a 3 dB reduction in respon-
sivity at 10 kHz. While this bandwidth is already sufficient for most
applications, we expect that a higher bandwidth would be possible
by using shorter pulses (see Supplement 1 for further discussion).
Last, we can use this measurement to estimate the sensor slew rate,
or the maximum change in Brillouin frequency per round trip
that the senor can track. Based on the measured 5 kHz bandwidth
observed for a 100 kHz modulation, this test indicates a maximum
slew rate of∼3 GHz/s, equivalent to∼60 mε/s.

The second factor influencing the ability of the sensor to meas-
ure dynamic strains is the sensitivity to strain-induced Doppler
shifts in the cavity itself, which can introduce cross talk. If part
of the FUT is exposed to a time-varying strain, any light pass-
ing through this section of fiber will experience a Doppler shift.
This effect can introduce significant levels of cross talk in stand-
ard Brillouin sensors (e.g., BOTDA) exposed to dynamic strain
[16,17]. In this system, the lasing modes are potentially even more
sensitive to strain-induced Doppler shifts since the lasing modes
can pass through a strained region of fiber many times, gradually
accumulating a larger and larger frequency shift. Fortunately, the
gain pulling effect will partially counteract this phenomenon by
shifting the lasing frequency back toward the center of the Brillouin
gain spectrum after each round trip.

While we were able to perform dynamic strain measurements
at low frequencies with modest levels of cross talk, the effect was
more significant than in a BOTDA system. To compensate for this
effect, we investigated a technique to monitor any strain-induced
Doppler shifts in the FUT and remove their impact from the
measured Brillouin frequencies. We used a separate low-power
reference laser to measure the Doppler shift in the FUT and intro-
duced a reference PZT to provide a calibration signal. We then
computationally removed the Doppler shift experienced by each
lasing mode using the frequency shift measured by the reference
laser (see Supplement 1 for details). To test the efficacy of this

approach, we introduced a 20 Hz modulation to the linear strain
stage as a test signal. The time-varying strain (derived from the
time-varying lasing frequency) measured by the first four lasing
modes are shown in Fig. 4(c). The suppression is quite effective,
and the strain modulation is observed only by the second lasing
mode, as expected. This also indicated that effects such as pump
depletion [3,36,39] did not introduce significant levels of cross talk
even though the pump pulse passed through the strained section of
fiber before exciting subsequent lasing modes. The corresponding
amplitude spectral densities (ASDs) obtained for these four lasing
modes are shown in Fig. 4(d), indicating cross talk of−29 dB. The
ASDs shown in Fig. 4(d) also reveal that the sensor exhibited a min-
imum detectable strain of only 3.9 nε/Hz1/2. This corresponds to
a minimum detectable frequency shift of∼100 Hz/Hz1/2.

The Brillouin laser sensor presented here exhibits substan-
tially lower strain noise than state-of-the-art Brillouin sensors at
this length scale. For example, Yang et al. presented a BOTDA
scheme that achieved a strain noise of ∼100 nε/Hz1/2 in 2 km
of fiber with 2.5 m resolution [3]. Similarly, Peled et al. reported
∼220 nε/Hz1/2 in 100 m of fiber with 1 m resolution [40]. We
recently described a slope-assisted BOTDA system that was
optimized for low-noise operation and achieved a strain noise of
19.8 nε/Hz1/2 in 1 km of fiber [16]. Note that these BOTDA
based approaches provide continuously distributed measure-
ments, in contrast to the series of discrete measurements obtained
using the sensor presented in this work. Of course, these BOTDA
systems also have a limited dynamic range compared with the
Brillouin laser sensor. Many BOTDR systems can provide a
dynamic range similar to the Brillouin laser sensor presented here,
but with much lower sensitivity: typically> 10 µε/Hz1/2 [41].

While other fiber sensing modalities such as Rayleigh scat-
tering based φ-OTDR systems can achieve lower noise, they do
not provide the absolute strain measurements or large dynamic
range achieved here [42]. Compared with an FBG based system,
the Brillouin laser sensor enables the use of off-the-shelf fiber,
and the sensors can be repositioned on demand. While the sys-
tem presented here was designed to probe 40 locations along a
400 m FUT, there is significant potential to increase the sensor
count and length of the FUT. The spatial resolution could also
be improved by reducing the pump pulse duration, although the
phonon lifetime would likely limit the resolution to ∼1 m [43].
There are also several paths to reduce the system complexity and
number of required components. For example, a semiconductor
optical amplifier could be used to replace EOM2 and the EDFA
in the loop both by providing amplification and compensating
for mode competition. In addition, EOM3 (used to shift the LO
frequency), could be replaced with a Brillouin laser following the
technique described in [44], or neglected entirely by simply using a
high bandwidth detector to measure the Brillouin frequency shift
directly.

4. CONCLUSION

In summary, this paper introduced a technique to perform distrib-
uted strain sensing by exciting a series of Brillouin lasing modes in a
fiber ring cavity. We described the basic sensor concept along with
techniques to address polarization fading and mode competition.
As a proof-of-principle demonstration, we presented a sensor that
simultaneously excited 40 lasing modes, providing a measurement
of the Brillouin frequency at 40 locations along a 400 m test fiber.
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The lasing modes exhibited a narrow linewidth of 4 kHz, com-
pared to the 30 MHz linewidth of the Brillouin gain spectrum.
The narrow linewidth and high intensity of the lasing modes
enabled the sensor to achieve a minimum detectable strain of only
4 nε/Hz1/2 combined with a dynamic range of >5 mε. We also
showed that this approach is capable of performing dynamic strain
measurements and described a technique to address cross talk due
to strain-induced Doppler shifts. While considerable optimization
is still required to realize the full potential of this new approach,
the sensor presented here already provides record sensitivity for a
Brillouin sensor at this length scale.
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