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Abstract

Spontaneous Brillouin scattering (SpBS) enables non-contact probing of mechanical and thermodynamic material
properties, underpinning transformative technologies such as distributed optical fiber sensing and high-resolution
microscopy. Achieving ultimate precision in these systems demands a fundamental understanding of noise limits. Yet,
an intrinsic SpBS noise phenomenon proposed over three decades ago has remained largely unexplored, particularly
in metrological contexts. Here, we revisit the physical mechanism and stochastic nature of this long-overlooked noise
source, developing a comprehensive analytical framework, validated through dedicated experiments. Crucially, we
propose, for the first time, that SpBS noise constitutes a universal and fundamental limit capable of surpassing
conventional constraints (e.g., the shot-noise limit) in spontaneous Brillouin metrological systems, such as imaging,
microscopy and sensing. We experimentally demonstrate the SpBS-noise-limited regime in Brillouin imaging and
sensing scenarios. This framework establishes a critical foundation for understanding and optimizing the performance

of current and future Brillouin-based technologies across a broad range of applications.

Introduction

Spontaneous Brillouin scattering (SpBS) is a funda-
mental inelastic light-matter interaction present in vir-
tually all media’. First theorized by Léon Brillouin in 1922,
this process arises from the interaction between incident
photons and thermally driven density fluctuations—
quantized as acoustic phonons—resulting in frequency-
shifted scattered photons at Stokes or anti-Stokes wave-
lengths®. The peak frequency shift, linewidth, and inten-
sity of the Brillouin spectrum are inherently linked to
material properties, such as elastic and thermal char-
acteristics. This fundamental relationship underpins the
versatility of SpBS, enabling its application in a wide range
of technologies: from non-intrusive long-distance dis-
tributed strain and temperature sensing in optical
fibers>™*, to photon-phonon interactions in integrated
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waveguides , and non-contact, three-dimensional

mechanical imaging with high spatial resolution in bio-
logical and medical samples via Brillouin microscopy'®°.

The performance of these techniques depends critically
on precise spectral measurements, which in turn demand
maximizing the system signal-to-noise ratio (SNR). Con-
ventional approaches to SNR enhancement focus on
minimizing the impact of detection noise, primarily
thermal and shot noise, with the shot-noise limit broadly
regarded as the fundamental boundary, where SNR scales
with the square root of signal power. However, the sto-
chastic nature of SpBS can introduce additional noise,
reducing the SNR of these systems. This issue was first
examined in the context of Brillouin optical time-domain
analysis (BOTDA)>*?!, where SpBS acts as an unwanted
disturbance. In such a case, SpBS is typically modeled as
having constant intensity, with randomness attributed
only to its phase and polarization fluctuations®>*'. More
recently, the impact of SpBS has also been studied in
Brillouin optical time-domain reflectometry (BOTDR)'?, a
distributed sensing technique in which SpBS itself serves
as the signal of interest. Even in this case, SpBS continues
to be modeled as a constant-power signal with random
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phase and polarization variations, and under this
assumption, polarization noise has been identified as the
main factor limiting sensing performance'®. So far, no
other noise source is considered to be universally present
in spontaneous Brillouin measurement systems.

However, in 1990, a seminal theoretical study®* proposed
an intrinsic noise source: intensity fluctuations in the
Brillouin scattered light caused by the stochastic nature of
thermally excited phonons. Besides explaining the physical
origin of this noise, this work® has also investigated its
stochastic features via numerical simulations. In the
strongly stimulated regime (with G =~ 23 and 70, where
G = gIL is the single-pass Brillouin gain, for which g is the
SBS gain factor, [ is the intensity of the incident laser field,
and L is the length of the Brillouin medium), these pre-
dictions were experimentally verified shortly thereafter®.
In this high-gain regime, the saturated pump nonlinearly
amplifies the SpBS signal and distorts its stochastic eva-
luation. Yet, in the spontaneous regime (G < 21)**, these
fluctuations have remained largely unexplored for over
three decades, neither experimentally observed nor
accounted for in practical metrological applications. The
absence of an analytical treatment and lack of connection
to real-world system parameters have limited both theo-
retical understanding and practical relevance. Critically, the
implications of this intrinsic noise for measurement pre-
cision have gone unexamined since Brillouin scattering was
first proposed more than a century ago® leaving a sig-
nificant gap in spontaneous Brillouin metrology.

Here, we address this longstanding gap by developing an
analytical framework that comprehensively characterizes
the intrinsic noise of SpBS in the spontaneous regime.
Building on a systematic analysis by revisiting its physical
formation mechanism and stochastic properties, we show
that this noise imposes a universal, previously unrecog-
nized upper bound on the SNR, one that can exceed the
conventional shot-noise limit. We validate our predictions
experimentally using both coherent and direct detection
schemes with Brillouin gain coefficients G ~ 0.23 and
G =~ 3.89, respectively. These measurements represent
the first observation of intrinsic SpBS noise in the spon-
taneous regime. Finally, we demonstrate the metrological
relevance of this noise by re-evaluating the performance
of several SpBS-based platforms, including Brillouin
imaging, microscopy, and distributed fiber sensing. Our
framework reveals that SpBS noise can dominate in many
practical systems, offering a fundamental basis for rede-
signing and optimizing spontaneous Brillouin metrologi-
cal technologies under intrinsic noise constraints.

Results

Revisiting the physical formation mechanism of SpBS noise
As the first component of our framework, we revisit the

physical formation mechanism of spontaneous Brillouin
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scattering (SpBS) noise by deriving a stepwise solution to
the classical three-wave coupling equations (Supplemen-
tary Note S1 Egs. (S1)=(S3))3%3°, This approach provides
a physically intuitive picture of how SpBS noise arises
from fundamental thermodynamic interactions, as sche-
matically illustrated in Fig. 1.

To facilitate both intuitive visualization and later
mathematical characterization of the stochastic SpBS
intensity fluctuations, for which the discrete-domain sig-
nal is required, we discretize the light-matter interaction
length into small segments of length Az (Fig. 1). In each
segment, thermally induced material vibrations are trea-
ted as localized Langevin forces, represented by a series of
temporally spaced delta functions with random ampli-
tudes A and phases ¢/ separated by time intervals At (Fig.
1(i); Supplementary Note S1 Eq. (S1)). These stochastic
forces drive localized acoustic fields p(¢), which can be
expressed as a superposition of exponentially decaying
sinusoidal waves at a common carrier frequency, with
random amplitudes and phases dictated by the Langevin
excitation (Fig. 1(ii); Supplemen_ta}ry Note S1 Eq. (S9)).

The resulting SpBS field Eg,(f) is formed by the
cumulative interaction of these stochastic acoustic waves
with the pump field Ep over the entire interaction length
(Fig. 1; Suppleme_nt)ary Note S1 Eq. (S10)). Assuming a
constant pump, Es; (¢) becomes proportional to the spa-
tial summation of time-delayed acoustic wave contribu-
tions (Fig. 1(iii); Supplementary Note S1 Eq. (S12)). This
results in the SpBS power envelope Ps,(t), which inher-
ently exhibits stochastic intensity fluctuations (Fig. 1(iv)).
Assuming ideal condition (i.e., sufficiently large mea-
surement bandwidth and appropriate sampling, as
detailed in the next Section), we analytically derive the
signal-to-noise ratio (SNR) of P, (¢), defined as the ratio
of its mean to standard deviation (STD). This analysis
yields an SNR of unity (detailed in Supplementary Note
S2), consistent with the earlier prediction®.

The formulation process presented in Fig. 1 offers an
intuitive link between microscopic stochasticity and
macroscopic noise on Ps,(¢), hereafter referred to as SpBS
noise.

Analyzing the stochastic properties of SpBS noise

As the second component of our framework, we extend
the analysis to systematically characterize the stochastic
properties of SpBS intensity fluctuations and quantify
their dependence on system-level parameters. We show
that the unity SNR does not generally hold in practice.
Instead, the SNR can vary significantly depending on
system bandwidth (B,,) and sampling parameters—critical
yet previously unaddressed factors that are intrinsic to
practical spontaneous Brillouin metrology systems.

To elaborate these effects, we here analyze the spectral
properties of SpBS fluctuations. The spectrum of the
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Fig. 1 Schematic description on the physical formation mechanism of spontaneous Brillouin scattering intensity fluctuations. A”: Amplitude
of Langevin noise. ¢ € [-, 71} Phase of Langevin noise. 7([): Complex amplitude of acoustic wave. E‘gg(t): Complex amplitude of SpBS field. Psp (t):
Time-domain power envelope of SpBS. The light purple irregular cylinder marks the region where light interacts with matter, while the blue and red
beams represent the incident pump light and the backward-propagating SpBS light, respectively. Four specific positions (2, z;, z;, and z,) within the
interaction region are highlighted in different colors as examples. (i)-(ii) exemplify the local excitation of acoustic waves by Langevin noise at z,. (i)

illustrates A" and the corresponding ¢’ of Langevin noise in the time domain. (i) shows the acoustic waves driven by each Langevin noise element,
where different light-colored curves denote individual acoustic waves, and the corresponding dark-colored curves depict the corresponding acoustic

wave envelopes. 5(t) at the four example positions are color-matched to their respective locations. (i) shows £, (t) results from the cumulative

—
effect of these acoustic waves observed at the same moment. (iv) shows Ps(t) extracted from Esp (t) in (iii)

scattered field E_s;(t) denoted as Speces (Fig. 2a), with 3 dB
bandwidth Bg, (ref.32.) that approximately equals to the
effective bandwidth, is considered to comprise two com-
ponents (Fig. 2b): 1) a deterministic Lorentzian profile,
representing the conventional Brillouin response, and 2) a
stochastic contribution arising from intrinsic SpBS noise,
the focus of this study.

The power spectrum of envelope signal Pg,(t), denoted
as Specps (Fig. 2¢), is obtained via autocorrelation of Speces,
followed by low-pass filtering (LPF). Its single-sided form
(Fig. 2d) contains:

1. a realization-dependent alternating-current (AC)
component with 3dB bandwidth of Bgp,
corresponding to the time-domain intensity
fluctuations of Pg,(f). According to Wiener-
Khinchin theorem™, the total power of this AC
component corresponds to the noise variance of
Pgp(2).

2. aconstant direct-current (DC) component, originating
from the stochastic part of Speces (Fig. 2b),
representing the squared mean (signal power) of
Pgy(t) (ref>).

In the ideal full-bandwidth case, the DC and AC powers

of Specps are equal, yielding SNR = 1. However, in prac-
tical systems with finite measurement bandwidth B,, only

a portion of the AC term may be captured while the DC
term remains unaffected (Fig. 2e), leading to a bandwidth-
dependent SNR as (Supplementary Note S2):

Tt

SN RSP = 27&1
arctan Boy

(1)

As By, increases beyond Bsp, the SNR approaches and
eventually saturates at the value of 1. This relation implies
that Brillouin systems operating in different bandwidth
regimes will exhibit distinct, yet predictable, SNR beha-
viors when constrained by SpBS noise.

Furthermore, the sampling interval (7s) and total
number of samples (Ng) also strongly impact on the
observed SNR. Figure 2f presents a theoretical 2D SNR
map (see “Materials and Methods”) as a function of these
sampling parameters, with contour lines illustrating how
oversampling can artificially inflate the SNR by distorting
the relative DC/AC power ratio. Representative spectral
decompositions under three sampling conditions (Fig. 2g)
illustrate these effects, with more detailed interpretation
in Supplementary Fig. S1.

These findings clarify that SNR =1 is a limiting case,
achievable only when both By, > Bs, and sufficiently low
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Fig. 2 Analysis on the stochastic behaviors of SpBS intensity fluctuations. Bs,: Full width at half maximum (FWHM) of the SpBS field spectrum.

Br: System measurement bandwidth. Ts: Sampling interval. Ns: Total number of samples. 1: acoustic lifetime. a Spectrum of the scattered field ETP)(t),
denoted as Speces, centered at f.. The property of Speces is consistent across detection methods, differing only in the central frequency f. (optical or
electrical frequency) depending on whether direct or coherent detection is used. It can be decomposed into a deterministic Lorentzian profile and a
stochastic component, illustrated in (b), along with their respective autocorrelation results. ¢ Double-sided spectrum (Specps) of Psy(t), obtained via
the autocorrelation of Speces, followed by a low-pass filtering (LPF) process. d Single-sided form of Spec,s, in the cases with and without averaging.
Light yellow, light purple, and light pink curves correspond to three unaveraged power envelope spectra, while dark orange curve denotes the

power envelope spectrum after averaging. The averaged spectral segment within the gray box is used for further analysis in (e). e Effect of different
B on the SpBS power envelope spectrum with a FWHM of Bsp. Insets (i), (ii), and (iii) depict the cases of By >Bsp, B = Bsp, and By <Bsp, respectively.
Green shading indicates the captured part of the AC component, representing the preserved SpBS noise after filtering. f Theoretical 2D SNR map as a
function of Ts and Ns, with T =6 ns. Dashed contour lines (black dashed lines) on the map indicate SNR levels of 1.4, 1.1, and 1.05. g Power envelope
spectra of SpBS under different sampling conditions. Inset (i)-(iii) showcase the DC (blue shading) and AC (green shading) contributions within

spectral range [0, 2Bs,], under three sampling conditions associated with the contour lines in (f), representing SNR values of ~1.4, ~1.1, and ~1.05,

respectively

sampling are considered. This analysis provides both
practical design guidance for capturing intrinsic SpBS
noise and a quantitative foundation for predicting and
optimizing SNR in diverse spontaneous Brillouin-based
metrological platforms.

Experimental validation of the framework via two
experimental setups

Despite its theoretical prediction over three decades
ago™’, the intensity fluctuations in spontaneous Brillouin
scattering (SpBS) have yet to be experimentally verified.
Here, we present the first experimental analysis and
quantitative characterization of SpBS noise. Our frame-
work is validated under controlled conditions using two

dedicatedly designed, fundamental detection schemes:
coherent detection and direct detection.

Coherent detection setup

Coherent detection is widely adopted for its optimal
balance between simplicity and SNR. We implement a
fiber-based coherent detection scheme (Fig. 3a), incor-
porating a 400 m polarization-maintaining fiber (PMF) to
mitigate polarization fading (“Materials and Methods”).
A continuous-wave (CW) laser with 1.8 mW pump power
is launched into the fiber, and the output spectrum is
obtained via fast Fourier transform (FFT) analysis
(Fig. 3b). The non-averaged spectra reveal pronounced
amplitude fluctuations near the Brillouin peak
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where R, is the photodiode responsivity; Py, is the local
oscillator (OLO) power; Ps, is the mean SpBS optical
power of the Stokes component entering the photodiode;
0.2 is and power spectral density (PSD) of the detection
noise; Bsp, is the Brillouin linewidth. Note that by default
Ps, used hereafter corresponds to the Stokes power,
which shares same stochastic properties of the anti-Stokes
component, as described in detail in Supplementary Note
S3 and Fig. S5. Compared to Eq. (1), the SNR in this case
is lower than or equal to SNRg, (i.e., the SNR of SpBS
intensity fluctuations itself), due to the contribution of
three types of noise:

1) Signal-dependent noise (SpBS noise): This corre-
sponds to the first term under the square root in Eq. (2),
which shows that the noise standard deviation scales
linearly with Pg, and dominates at high powers.

2) Cross-term noise: This noise is given by the second
term under the square root in Eq. (2), indicating that it
arises from interaction between signal and detection

noise, scaling with 4/Psp.

3) Detection noise: This is described by the third term
under the square root in Eq. (2), and includes shot and
thermal noise, largely independent of Ps, due to the
normal use of a strong OLO.

At high signal powers, the first term dominates, and the
SNR asymptotically approaches the theoretical SpBS noise
limit SNRs, =1, consistent with FFT-based measure-
ments where By > Bs, always holds (Supplementary
Note S3).

Experimental measurements of the Brillouin signal
amplitude, noise STD, and SNR over a range of pump
powers (-25.5 dBm to 3.5 dBm, blue circles in Fig. 3d-g)
show excellent agreement with theoretical predictions,
validating the saturation behavior predicted by Eq. (2). As
the highest pump power here corresponds to a gain
coefficient G ~ 0.23, which remains well below the sti-
mulated scattering threshold G = 21, these results con-
stitute the first experimental confirmation of SpBS
fluctuations.

To further isolate the SpBS noise, we have replaced the
scattered signal with a CW laser of equivalent power
(pink asterisks in Fig. 3d-g)). This eliminates the SpBS
signal-dependent noise term while preserving other
noise components. The resulting SNR (pink asterisks in
Fig. 3g) exceeds unity and deviates from the SpBS-
limited case (blue), confirming that SpBS noise indeed
defines the saturation ceiling. For a clearer under-
standing of each noise contribution as a function of the
pump power, see Supplementary Fig. S6a, where this is
quantified in detail.

The importance of sampling conditions is further evi-
denced in a 2D experimental SNR map (Fig. 3h). Com-
pared to the idealized model (Fig. 2f), a slight leftward
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shift is observed, attributable to additional detection
noise. This highlights the importance of system optimi-
zation, as emphasized in our framework.

Finally, replacing the FFT analysis with an electrical
envelope detector (Fig. 3a(ii)) allows direct time-domain
observation of SpBS power fluctuations. This approach
sets the measurement bandwidth By, by the detector
bandwidth. For two representative bandwidths (50 MHz
and 2 MHz), the observed SNR (Fig. 3i, j) matches the
theoretical curves obtained from Eq. (1), verifying the
bandwidth-dependent SNR behavior predicted uniquely
by our framework.

Direct detection setup

To robustly validate the stochastic nature of SpBS
noise, we turn to direct detection measurement on a
10 m long fiber sample using a virtually imaged phased
array (VIPA)-spectrometer and a camera (Fig. 4a;
“Materials and Methods”). Since the Brillouin frequency
shift of the fiber ( ~22 GHz at 780 nm pump) exceeds
one free spectral range (FSR) of the VIPA ( ~ 15.3 GHz),
we employ a reflective grating to provide orthogonal
dispersion, enabling full spectral separation of the Bril-
louin signal in combination with VIPA dispersion
(Supplementary Fig. S8). Compared to coherent detec-
tion, this direct detection scheme offers linear super-
position of noise sources and clearer interpretability,
enabling a direct expression of the SNR of the camera
response rp;, which includes contributions from SpBS
noise, shot noise, and scientific complementary metal-
oxide-semiconductor (sCMOS) camera read noise
(background noise):

R.Ps;

_2 [E—
\/m% Re?Psp + 2qRePspBun + 0ve?

SNR{rp;} = < SNRs,

(3)

where R, is camera responsivity; g = 1.6x 107 is the
elementary charge. O’ represents the constant variance
of the camera read noise, which, unlike thermal noise,
remains largely insensitive to bandwidth variations under
the low-noise mode of typical sCMOS used in this
study®”*®. The model predicts square-root scaling of SNR
at low powers (shot-noise-limited), and saturation at high
powers (SpBS-noise-limited) governed by Eq. (1).
Measurements for bandwidths B, = 50 kHz (maximum
bandwidth of the sCMOS camera used) and 5kHz
(Fig. 4b, c), both within the By, < Bs, regime, show strong
agreement with Eq. (3). For these two bandwidths, the
detailed contributions of each individual noise as a func-
tion of the pump power are quantified and shown in
Supplementary Fig. S6b, c. The maximum gain coefficient
G =~ 3.89 remains well within the spontaneous scattering
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the model excluding SpBS noise (red solid lines). These  with our framework.
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Fig. 4 Experimental validation of the proposed framework via direct detection. a Experimental setup. Rb cell Rubidium cell, FC fiber coupler/
collimator, CL cylindrical lens, M mirror, V Virtually Imaged Phased Array (VIPA), L lens. b Experimental (blue circles: using SpBS light, pink asterisks:
using CW laser light) and theoretical (blue solid lines: using SpBS light, red solid lines: using CW laser light) results with system bandwidth B, =
50 kHz, presented in four subplots: (i) signal mean, (i) noise STD with SpBS signal, (i) noise STD with CW laser light replacing SpBS signal, and (iv) SNR.
The pump powers range from -6.2 dBm to 27.8 dBm in 1 dB step. The maximum pump power is limited by the camera saturation (black dashed line
in (i)). The theoretical total noise STD is obtained by taking the square root on the square sum of all theoretical noise STDs (yellow dashed line: SpBS
noise STD; green dashed line: shot noise STD; grey dashed line: thermal noise STD). In (iv), the SNR upper limit constrained by SpBS noise is denoted
as the black dashed line. Color-gradient arrow bars, transitioning from grey to yellow, illustrate the evolving domination of thermal noise, shot noise,
and SpBS noise with increasing pump power. RND read noise domination, SND shot noise domination, SpBSND SpBS noise domination.

¢ Experimental and theoretical results with system bandwidth B, = 5 kHz, following the same illustration approach as in b. The pump powers used
in experiments (in the presence of the SpBS signal) range from -10.2dBm to 23.8dBm in 1 dB increments

Implementation of our Brillouin noise framework on
spontaneous Brillouin metrological applications

To underscore the technological relevance of the pre-
sented framework, we apply it to evaluate the perfor-
mance limits of several spontaneous Brillouin-based
metrological platforms, incorporating both SpBS noise
and conventional noise sources. We here focus on three
applications: Brillouin imaging, Brillouin microscopy, and
distributed optical fiber sensing.

Brillouin imaging and microscopy

We first consider Brillouin imaging, implemented using
a free-space optics setup (Fig. 5a) that builds on the
configuration detailed in Fig. 4a, with two modifications.
First, a high numerical aperture (NA =0.7) objective is
employed to focus light onto the cleaved end face of an
optical fiber (SMF-28e, length = 1 km), which is mounted
on a 3D piezo stage for precise scanning (see Supple-
mentary Fig. S9 for the fiber mounting details). The
detected SpBS signal results from the integration over the
effective nonlinear length of the fiber, providing sufficient
Brillouin gain to clearly visualize the SpBS noise and
validate the SNR saturation effect in an imaging context.
Second, a double-pass Fabry-Pérot interferometer is
integrated to suppress amplified spontaneous emission
noise (“Materials and Methods”; Supplementary Fig. S10).
The SNR model derived from our framework for this
imaging approach closely resembles Eq. (3), incorporating
imaging-specific parameters such as Ps, and By, (“Mate-
rials and Methods”). This model predicts a saturation
behavior in SNR with increasing pump power (Fig. 5b,
yellow curve), which is in good agreement with experi-
mental data (yellow dots). The SNR dependency on By, is
also demonstrated to match the anticipation of our SNR
model (Supplementary Fig. S12). More illustratively,
Fig. 5¢ presents spatial maps of Brillouin shift and line-
width at pump powers from 1dBm to 10dBm in 3dB
increments. The precision of both parameters flattens
between 7 dBm and 10 dBm, confirming the predicted
SNR saturation regime where SpBS noise dominates.
Conversely, below 7 dBm, the precision deteriorates

rapidly with decreasing power, consistent with the shot-
noise-limited regime observed in our direct detection
experiments (Fig. 4b).

We further extend our framework to Brillouin micro-
scopy, using the same setup (Fig. 5a) to investigate poly-
dimethylsiloxane (PDMS) beads as a phantom and HeLa
cells as a biological sample. While the underlying SNR
model remains the same, the effective interaction lengths
in both PDMS and cell samples are reduced to the
micrometer scale. Combined with limited optical power
delivery, this results in significantly weaker scattered sig-
nals compared to the kilometer-long fiber sample used in
Brillouin imaging. Consequently, the system does not
enter into the SpBS-noise-limited saturation regime, and
its performance remains shot-noise-limited across the
entire range of pump powers tested. This behavior is
evidenced by the square-root scaling of Brillouin shift and
linewidth precision with increasing pump power (Fig. 5d),
and is similarly observed in measurements on a reference
sample of double-distilled water (Fig. 5b, blue curve).
These results align with previous reports of shot-noise-
limited Brillouin microscopy””**?°. Critically, however,
our work introduces the first unified analytical framework
that explicitly incorporates SpBS noise in Brillouin
microscopy. This framework further elucidates the ulti-
mate SNR limit that will arise when significantly higher
optical powers are employed in future implementations.

Brillouin distributed optical fiber sensing

We next apply the framework to evaluate the perfor-
mance of Brillouin optical time-domain reflectometry
(BOTDR), a widely adopted sensing technique due to its
single-ended operation, long sensing range, and large
dynamic range® >”'*!* We evaluate two implementa-
tions: using polarization-maintaining fiber (PMF) and
standard single-mode fiber (SMF), each representing
distinct noise regimes.

BOTDR with polarization-maintaining fiber. For PMF-
based BOTDR, which eliminates polarization-induced
fluctuations, the SNR of the single-pulse response

rgé"[(z) at position z is derived as (see Supplementary Note
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Fig. 5 Implementation of the proposed framework to evaluate the performance of Brillouin imaging and microscopy. a Experimental setup.
Obj: objective; QWP: quarter-wave plate; S: optical shutter; PBS: polarizing beam splitter; HWP: half-wave plate. b SNR vs. pump power for two
samples: a fiber (Brillouin imaging) and double-distilled water (Brillouin microscopy). For the fiber, pump power ranges from —20.8 to 13.2 dBm with
50 kHz system bandwidth; for water, from -4 to 17 dBm with 50 Hz bandwidth. Water sample preparation follows the method described in panel
a, sample (ii). ¢ Brillouin imaging of a fiber sample: brightfield, Brillouin shift, and linewidth images under different pump powers. Scale bars are 40 um
(brightfield) and 2 pm (Brillouin). Colorbars show Brillouin shift (g /2m, see Supplementary Fig. S10 for a detailed analysis) and linewidth (7'g/2m).
White and gray regions of interest (ROIs) indicate regions with high Brillouin amplitude (see Supplementary Fig. S11), with overlaid text showing
fitting precision for each. d (i) Brillouin microscopy of a phantom bead in agarose: brightfield, Brillouin shift, and linewidth images under varying
pump powers. Scale bars: 5 um. White ROl corresponds to agarose; gray ROl highlights part of the bead. d (ii) Brillouin microscopy of a Hela cell:
similar format and power range. Scale bars: 10 um. White ROI marks culture medium around the Hela cell

S4 for derivation):
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(4)

where Pg,(z) is the mean SpBS power at position z,
proportional to the pump pulse duration and peak power,
and Bgpr is the bandwidth of a bandpass filter (BPF) used
before envelope extraction process (“Materials and
Methods”). For meter-scale spatial resolutions, increasing
pump power initially enhances the SNR; however, this
improvement saturates as SpBS noise begins to dominate
—especially near the fiber input or in short fiber spans, as
is typical with PMF, the length of which cannot be
extended significantly without compromising linear
polarization due to practical manufacturing limitations™.
Since optimized BOTDR systems require By, ~ Bsp,
corresponding to SNRs, = 1, substituting which into
Eq. (4) results in a saturated SNR (without averaging) of 1.
Experimental validation (Fig. 6a; “Materials and Meth-
ods”) uses a 400 m PMF and pump powers from 10 to
31dBm in 3 dB intervals. Measured SNRs (Fig. 6b) show
clear saturation trends consistent with theoretical pre-
dictions for various spatial resolutions (1 m, 2 m, 6 m, and
10 m). The detailed signal, noise and SNR evaluation for
typical cases is illustrated in Supplementary Fig. S14. Note
that larger spatial resolutions, which yield higher Pg,(z),
require lower pulse peak powers to reach SNR saturation.
Due to the negligible attenuation in the 400 m PMF, the
SNR remains nearly uniform along the fiber, allowing us
to perform more accurate analysis by averaging the SNR
over the fiber length (Fig. 6¢), showing that the measured
data (circle markers) closely match theoretical predictions
(solid lines). These results directly challenge the conven-
tional view that PMF-based BOTDR is inherently shot-
noise-limited®*' ¢, Furthermore, the SNR dependence
on both spatial resolution and peak power (Fig. 6d) pro-
vides concrete guidance for optimizing BOTDR system to

simultaneously guarantee a maximized SNR and a mini-
mized energy consumption.

BOTDR with standard single-mode fiber. SMFs are
widely used in practical deployments and support long-
distance BOTDR operations spanning tens of kilo-
meters>! 314547750 However, they suffer from polar-
ization noise caused by fiber birefringence and
polarization scrambling'®*"*’~*°, In the absence of SpBS
noise, recent analysis has shown that polarization noise
alone imposes an SNR upper bound of 1 in SMF-based
standard BOTDR system'®. Here, we extend that model
by incorporating our framework to include SpBS noise.
The updated SNR expression (see Supplementary Note
S5) becomes:

Ry PLoPsp(2)

SMF —
SNR{rSE (Z)} - \/asNR;pl(kpnl‘l—\)wpmhs

—2 P
P Ry *Pro’Psp(2) +R,*ProPsp (2)7c*Bopr+0¢*Byor

< 6SNRs,”
— o 2 2 2
3SNRsy? (kpol”+1) +kpo*+3

(5)

where the polarization scrambling factor kpy < 1 quanti-
fies the self-polarization-scrambling effect induced by the
fiber birefringence (Supplementary Note S6). This factor
reflects how much polarization fluctuations are averaged
over the pump pulse duration—longer pulses result in
smaller kp, (Supplementary Note S6). Notably, due to the
average of polarization fluctuations along the sensing
fiber, the expected signal (i.e., the numerator of Eq. (5)) is
halved compared to Eq. (4).

While Eq. (5) retains the three noise terms from Eq. (4),
the joint impact of SpBS noise and polarization noise
modifies the first noise term. As a result, the SNR upper
bound becomes a function of the spatial resolution,
decreasing as the resolution increases (i.e., as Kpol
decreases). This revises the previous conclusion that
polarization noise alone limits the SNR to 1 (ref.'®),
establishing a new theoretical SNR ceiling that is strictly
less than 1 and spatial-resolution-dependent. Importantly,
in long-distance scenarios where shot noise dominates at
the fiber far-end, the original SNR model and conclusions
remain valid"®.
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Fig. 6 Single-pulse BOTDR experimental configuration and results. a Experimental configuration of single-pulse BOTDR based on PMF. FPGA:
field-programmable gate array; SOA: semiconductor optical amplifier; EDFA: erbium-doped fiber amplifier; EOM: electro-optic modulator; ILP: in-line
polarizer; PD: photodetector; OSC: oscilloscope. b Measured SNR surfaces representing SNR distribution along a 400 m-long PM fiber for spatial

resolutions of 1 m, 2m, 6m, and 10 m, respectively. The different values of the SNR are represented by the different colors on the colorbar to the
right. ¢ Correspondence between the theoretically calculated and experimentally measured SNR values for a 400 m PMF, covering spatial resolutions
of 1m,2m, 6 m and 10 m. d Theoretical SNR behavior of a 400 m PMF under the combined influence of varying spatial resolutions and pump pulse
powers. e Correspondence between the theoretically calculated and experimentally measured SNR values for a 1.9 km standard SMF, following the
same parameter settings and adjustment logic as in (c). f Theoretical SNR behavior of a 1.9 km standard SMF under the combined influence of various
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We experimentally verified the impact of SpBS noise
by replicating the short-distance BOTDR measurements
reported earlier', using the same system configuration.
The measured values of kpy for spatial resolutions of
1m, 2m, 6 m, and 10 m are identified to be 0.88, 0.83,
0.78 and 0.69, respectively. Excluding fiber regions
unaffected by polarization noise (Supplementary
Note S6), Fig. 6e compares experimentally measured
SNRs with theoretical predictions, showing strong
agreement and validating the accuracy of Eq. (5). The
detailed signal, noise and SNR evaluation for typical
cases is illustrated in Supplementary Fig. S14. Finally,
Fig. 6f illustrates the dependence of theoretical SNR on
both spatial resolution and pump power, revealing a
downward-shifted SNR surface with a shallower slope
compared to Fig. 6d, due to the joint impact of SpBS
noise and polarization noise.

Discussion

In summary, we have developed and experimentally
validated a comprehensive theoretical framework to
describe intensity fluctuations arising from spontaneous
Brillouin scattering, by revisiting its physical formation

mechanism and stochastic properties. This work deepens
insight into SpBS noise and establishes the significance of
accounting for it in spontaneous Brillouin-based systems,
through four key contributions:

1. Intuitive physical mechanism. We present an
analytical, stepwise explanation of the stochastic
generation of Brillouin intensity fluctuations, as
visualized in Fig. 1.

2. Refined stochastic behavior. Extending prior work
that predicted a unity SNR for SpBS signals under
ideal assumptions™?, we incorporate practical system
parameters into consideration. We show that the
SNR critically depends on the phonon lifetime (7),
measurement bandwidth (By,), as well as sampling
parameters (Fig. 2). This enables us to accurately
quantify the impact of SpBS noise on given
spontaneous Brillouin-based system.

3. Experimental validation. Using both coherent and
direct detection experiments, we report the first
quantitative analysis of SpBS intensity fluctuations in
the spontaneous regime (gain coefficients G < 21)*,
with G~ 023 (Fig. 3) and G~3.89 (Fig. 4),
respectively. Our SNR predictions (Egs. (2)—(5))
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match well with experimental observations (Figs. 5, 6)
across Brillouin imaging, microscopy, and distributed
fiber sensing.

4. Revised noise limit and optimization principle.
Our framework establishes SpBS noise as a
fundamental noise floor in spontaneous Brillouin
metrology. Once a system enters the SpBS-noise-
limited regime, this intrinsic noise source can
exceed conventional shot noise. We experimentally
demonstrate this regime in both imaging (Fig. 5b,c)
and distributed sensing (Fig. 6). This leads to a
crucial optimization principle: due to the SpBS-
noise-limited regime, there exists a well-defined
pump power threshold beyond which increasing
optical power no longer improves SNR. Instead, the
performance can only be enhanced by extending the
measurement time.

Beyond conventional systems, our framework gen-
eralizes to more advanced Brillouin sensing archi-
tectures and revises previously held assumptions about
their performance limits. For example, polarization
diversity coherent detection approach, employed to
mitigate polarization noise in SMF-based BOTDR™, is
shown to offer limited SNR improvement when SpBS
noise is dominant (experimentally demonstrated in
Supplementary Note S7). Similarly, while pulse coding
techniques were developed to improve SNR***!, their
effectiveness in BOTDR is significantly constrained by
the combined impact of SpBS and polarization noise
(Supplementary Note S8). Nevertheless, such coding
strategies regain relevance in Brillouin-integrated sen-
sing and communication systems, where the background
noise is higher’®. These insights emphasize the necessity
of incorporating SpBS noise into system design. Beyond
its applicability to the coherent-detection BOTDR dis-
cussed above, we believe our framework can also be
applied to direct-detection BOTDR (e.g., single-photon-
detection BOTDR'*), where phase and polarization
fluctuations have negligible impact but the intensity
fluctuations highlighted in this work may play a critical
role. We also believe that similar methodology may be
extended to distributed Raman sensors®>*~>*, where
spontaneous Raman scattering is the relevant signal to
be measured, which is presumably affected by similar
(but much faster) stochastic fluctuations of the sponta-
neous signal intensity.

Finally, while shot noise dominates in Brillouin micro-
scopy—due to short interaction lengths and low power
constraints for biological samples, preventing significant
SpBS noise observation—our framework highlights the
essential role of SpBS noise in high-power applications
such as Brillouin spectroscopy”® and Brillouin Lidar
systems®”*®, where its impact has also been largely over-
looked in the literature.

Page 12 of 17

Materials and methods
Data generation for the 2D SNR map shown in Fig. 2f
The 2D SNR map in Fig. 2f is generated using 500
independent realizations of P,(n), a discrete-time repre-
sentation of the power envelope of the spontaneous
Brillouin field. Due to the equivalence in stochastic
properties between 5(¢) and Egp(t), P,(n) is used in place
of Pgy(n) for efficiency. Each realization is computed by
squaring the discrete-time form of Eq.(S8), modeling 5(¢),
and applying a 30 MHz digital low-pass filter. Key para-
meters are: carrier frequency: 220 MHz (arbitrarily cho-
sen); phonon decay time: 7= 6 ns; delay time At = 0.5 ns;
sampling rate of 1 GSa/s; 35,000 samples per realization.
The resulting dataset (500 x 35,000 matrix) is used to
evaluate SNR under different sampling conditions. Spe-
cifically, the normalized sampling interval T's/7 varies
from 0 to 6 in steps of 1/6, and the number of sampling
points ranges from 20 to 700 (step size: 10). For each
parameter pair, the SNR is computed across all 500 rea-
lizations and averaged to yield each pixel value in the
2D map.

Experimental setup and data processing
Coherent detection

The experimental configuration of coherent detection at
1550 nm is shown in Fig. 3a. A CW light from a dis-
tributed feedback laser operating at 1550 nm is split into
pump and OLO branches using a PM optical coupler
(C1). In the pump branch (upper arm), the CW light
serves directly as the pump. A PM VOA controls the
optical power of pump light before it is launched into a
400 m-long PM FUT via a non-PM circulator. A PC (PC1)
preceding the circulator is adjusted to maximize the
incident pump power, ensuring proper alignment of the
incident polarization. The pump powers range from
—25.5dBm to 3.5dBm in 1dB step. In the OLO branch
(lower arm), the CW light is modulated by an EOM dri-
ven by an RF signal, to produce a carrier-suppressed dual-
sideband OLO wave. A narrowband optical filter selects
the lower OLO sideband that interacts with the Stokes
SpBS light. The optical power of the selected single-
sideband OLO is set to 3 dBm. Another PC (PC2) aligns
the polarization direction of the SpBS light with that of
the OLO. At the receiver stage, the OLO and SpBS light
are mixed via a 50/50 PM coupler (C2) and then detected
by a BPD with a 400 MHz bandwidth. The resulting
electrical beating signal after BPD is amplified by a low-
noise electrical amplifier to overcome the ADC quanti-
zation noise, and then directly acquired at 1 GSa/s by the
ADC (Fig. 3a(i)).

The beating signal is digitally post-processed to extract
the Brillouin spectrum. Specifically, beat signals with a
sampling duration of 10.24 ps (i.e., the number of sam-
pling points N = 10,240) are continuously acquired over
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10,000 realizations. Each beat signal undergoes an FFT,
followed by modulus extraction, squaring, and normal-
ization by N, yielding the normalized Brillouin power
spectral density (PSD). To maintain consistency with the
units in Eq. (2), the obtained PSD is divided by the
squared BPD conversion gain (kv,) and by the gain factor
of the electrical amplifier (kamp). The result under a high
pump power (2.5dBm, 1.8 mW) is illustrated in Fig. 3b.
The single-sided spectral range spans 500 MHz, deter-
mined by the sampling rate of 1 GSa/s. The light orange
curve represents the Brillouin spectrum from a single
realization, while the dark orange curve corresponds to
the average of 10,000 spectra. The Brillouin peak is cen-
tered at approximately 220 MHz, consistent with the
frequency offset between the OLO and SpBS signals. The
noise spectrum shown in Fig. 3c is obtained by applying
the same procedure in the absence of the pump light as
that in Fig. 3b. For each pump power, the same post-
processing procedure is applied as previously described,
followed by subtraction of the noise baseline (Fig. 3c) to
obtain a bias-free Brillouin spectrum. The mean peak
amplitude across the 10,000 bias-free spectra is taken as
the signal, the STD of the peak amplitude as the noise
level, and their ratio as the SNR. These are respectively
represented by the light blue circles in Fig. 3d, e, g. As a
control experiment, CW laser output (without Brillouin
scattering) with power matched to that of the SpBS light is
used instead, yielding the pink asterisks in Fig. 3d, e, g.
The parameters used to obtain the theoretical curves in
Fig. 3d-g based on Eq. (2) are as follows: the responsivity
of the photodiode R, =0.95 A/W; the BPD conversion
gain kya =5000 V/A; the gain factor of the electrical
amplifier kump =316; the mean SpBS optical power
(including Stokes and anti-Stokes components) Pg, =
B; (e#» — 1), where B; = 0.25, B, = 101.86, and P, is the
pump power; the dual-sideband OLO power P, = 3 dBm;
SNRsp =1 (Supplementary Note S3); the STD of squared
detection noise 1Tnga,32/41-:2><10'13 A2 Note that the
parameters may require slight empirical adjustment
(typically within a factor of 1.4 of their theoretical values)
to compensate for real-world system imperfections, such
as unstable loss, non-ideal filter shape, and imprecise
knowledge of Bs,. These adjustments ensure a closer
alignment between the theoretical model and experi-
mental results.

The pseudocode for the FFT-based post-processing
described above is as follows:

Input:

number of pump powers Np;

various pump powers Pp;

number of sampling points per realization N;

number of realizations Nyoop;

beating signal dataset of size 2Nyq0p X N, beat_noise,
acquired in the absence of pump signal;
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N, beating signal datasets beat_signal, each of size
NyoopNE, acquired under pump with varying powers;

BPD conversion gain kya;

gain factor of the electrical amplifier kymp.

1 Load dataset beat _noise with size of

2N100p X N (2N Loop rows by N columns);

2 for realization index i = 1:2Nyoep, do

3 PSD_noise_i = Abs(FFT(the i™ row of dataset beat -
noise)?) | Np | kya? Ikamps

4 end for

5 Noise_baseline = Mean(PSD_noise_i over 2N,
realizations);

6 for pump power index j = 1:Np, do

7 Load the j™ dataset beat_signal_j with size

of NiroopNE (NLoop rows by N columns);

8 for realization index i = 1:Nyeep, do

9 PSD i = Abs(FFT(the i™ row of dataset beat -
signal_j)*) | N | kya® /Kamp;

10 Biasfree_PSD_i = PSD_i - Noise_baseline;

11 Peak_amplitude i = Peak(Biasfree_PSD_i);

12 end for

13 Signal j = Mean(Peak _amplitude i over Niyeop
realizations);

14 Noise_j = STD(Peak_amplitude i over Nyogp
realizations);

15 SNR j = Signal_j | Noise_j;

16 end for

Output results: mean signal Signal, noise STD Noise,
and their ratio SNR of the bias-free Brillouin spectrum for
each pump power.

Under a pump power of 2.5dBm, a 30 ps-long beat
signal is sampled at 1 GSa/s sampling rate with 500 rea-
lizations. A corresponding noise signal is recorded under
identical conditions without pump light. Both the beat
signal and noise undergo the same digital envelope
detection as the simulated case (Fig. 2f). The true
experimental envelope signal is derived by subtracting the
noise envelope baseline from the directly obtained
envelope (i.e., LPF output). The resulting envelope signal
is evaluated for SNR with the same sampling intervals and
sampling points as the simulated case. Each SNR value is
obtained from 500 repeated measurements, yielding the
results in Fig. 3h. The phonon energy decay time 7 in the
experiment is estimated to be 5.4 ns.

Additionally, an experimental envelope detection
scheme shown by Fig. 3a(ii) is implemented to physically
examine the impact of system bandwidth on SNR. In this
approach, the amplified beating signal passes through a
physical BPF (188 MHz center frequency, 50 MHz band-
width), selecting the desired spectral components of both
signal and noise. Then, a commercial logarithmic envel-
ope detector (ED) is utilized to directly extract the tem-
poral envelope signal. To explore the effects of system
bandwidth, physical LPFs with two bandwidths of 50 MHz
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and 2 MHz are employed before ADC conversion. For
each LPF configuration, the pump power is swept from
3.5dBm to —25.2 dBm in 1 dB steps. At each pump power
level, 10,000 realizations of the envelope signal (10 ps
duration, sampled at 1 GSa/s) are recorded. Noise mea-
surements (without pump light) are subsequently per-
formed under identical sampling conditions. The
unbiased envelope signal at each power level is obtained
by subtracting the noise floor from the directly measured
envelope signal. The mean values and fluctuation STD of
the 10,000 unbiased envelope signals are extracted as
signal mean and noise STD, respectively. Their ratio
defines the SNR, as presented in Fig. 3i, j).

Direct detection

The experimental setup for direct detection of SpBS
signal is shown in Fig. 4a. A frequency-locked, CW
tapered amplifier laser operating at 780 nm is injected into
one of the two output ports of a 1 x 2 50:50 PMF coupler.
The 10 m-long PMF is connected to the input port of the
coupler, and the backscattered SpBS signal is collected
from the second port of the coupler and directed through
a custom-built Rubidium vapor gas-cell filter, which
provides ~50dB extinction to suppress residual elastic
scattering, and finally entering the VIPA-based
spectrometer.

The VIPA-based spectrometer firstly includes a fiber
collimator to collimate the SpBS light. The light is line-
focused by a cylindrical lens. Different frequency com-
ponents of the input light emerge at different angles and
are spatially dispersed. The spectrally resolved signal is
then imaged onto different position of a scientific com-
plementary metal oxide semiconductor (sSCMOS) camera.
The Brillouin frequency shift and linewidth are extracted
based on the known angular dispersion characteristics of
the VIPA.

An example image acquired by the sCMOS camera is
shown in Supplementary Fig. S7a, where the two resolved
peaks (from top to bottom) correspond to the anti-Stokes
and Stokes Brillouin signals of the 10 m-long fiber sample.
A gray value intensity profile along the longitudinal
direction of the selected region in the image is shown in
Supplementary Fig. S7b. Lorentzian fitting is applied to
each of the two Brillouin peaks to extract their spectral
characteristics. The extracted Brillouin spectrum is cor-
rected by subtracting the offset introduced by the cam-
era’s background setting. To ensure consistency with the
units in Eq. (3), the resulting grayscale spectrum is divided
by the conversion gain coefficient of camera kjg. We
analyze the STD of the Stokes peak intensity as a function
of pump power to quantify the noise behavior and signal
stability under varying excitation conditions.

The theoretical curves in Fig. 4b and c¢ are obtained
based on below parameters: the camera responsivity
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R.=0.5A/W, the camera conversion gain kjg =2 x 10'8,
the Brillouin linewidth Bs, = 120 MHz, the noise-induced
bias grey value is 1500, and the constant STD of camera
background noise oy =25/kig. In addition to these
common parameters, in Fig. 4b, we use f8; =1.25 x 103,
B, =647, and measurement bandwidth B, =50kHz,
while in Fig. 4c we use f3, =2.24x 10*, B,=5.6, and
B, =5kHz.

Brillouin imaging and microscopy setup with VIPA system

The experimental setup for Brillouin imaging and
microscopy at 780 nm is shown in Fig. 5a. A frequency-
locked, CW tapered amplifier laser at 780 nm is spectrally
filtered using an ASE-suppressed module (as described in
Supplementary Fig. S10) and delivered to the main optical
path via a PM fiber. The output laser is collimated using a
fiber collimator and focused onto the sample mounted on
a high-precision XYZ piezoelectric stage using a 60x, 0.7
NA objective lens. The backscattered Brillouin signal is
collected along the same optical path, filtered by a Rubi-
dium vapor cell (to suppress elastic scattering), and cou-
pled into the VIPA-based spectrometer for spectral
analysis.

A separate calibration arm, incorporating the standard
water sample, is used to correct thermal drift of the VIPA
dispersion. The Brillouin shift of water at room tem-
perature is well known to be 5.07 GHz at 780 nm and
serves as a reference for calibration. A computer-
controlled shutter alternates between the main imaging
arm and the calibration arm, enabling scheduled correc-
tions throughout the imaging process to ensure mea-
surement accuracy.

For fiber sample scanning in Fig. 5c, the XYZ three-axis
input ports of the piezoelectric stage are independently
controlled by three analog output channels from a data
acquisition module, using a custom-built LabVIEW pro-
gram. The data acquisition module also generates its
internal clock signal of the created output voltage task,
which serves as an external trigger for the sCMOS camera
to ensure synchronized image acquisition. Due to the
strong scattering signal from the fiber, the camera is
operated in low gain mode. The scanning area is set to
18 um x 18 um with XY step size of 0.1 um and an
exposure time of 20 ps per pixel. To accommodate the
limited scanning speed of the piezo stage, a dwell time of
10 ms is implemented via the LabVIEW program. Addi-
tionally, to ensure positional stability after each scan step,
a 5ms trigger delay is configured in Micro-Manager for
the sCMOS camera.

For phantom bead and HeLa cell sample scanning in
Fig. 5d(i) and Fig. 5d(ii), the sSCMOS camera provides the
trigger signal to the data acquisition module, enabling
synchronized operation of sample scanning (via piezo
control voltages) and image acquisition. The camera is
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operated in high gain mode to compensate for the weaker
scattering signal from these samples. For the phantom
bead sample, the scan area is 28 pm x 28 um with XY step
size of 0.25 pum and an exposure time of 20 ms per pixel.
For the HeLa cell sample, the scanning area is 60 pm x
30 um with the same step size and exposure time.

In addition to the parameters shared with Fig. 4b, c, the
theoretical fiber curve in Fig. 5b is calculated using
kig=2x10", B, =139x10°, B,=178, and B,
= 50 kHz; while for the water curve in Fig. 5b, the para-
meters are kig = 1 x 10%°, B, = 6.63x10%, B, = 1.5x 107,
and B,, =50 Hz.

Single-pulse BOTDR based on PMF

The experimental setup for single-pulse BOTDR based
on PMF is shown in Fig. 6a. A CW light from a distributed
feedback laser operating at 1550 nm is split into pump
pulse and OLO branches by a PM coupler (C1). Unlike
the fundamental coherent detection at 1550 nm, the
pump pulse branch (upper arm) employs a high-
extinction-ratio SOA driven by an FPGA to intensity-
modulate the light into a single optical pulse. Before being
launched into a 400 m-long PM fiber under test (FUT),
the optical pulse successively passes through an EDFA
(for peak power adjustment from 10 dBm to 31 dBm in
3dB increment), a narrowband optical filter (for sup-
pression of the broadband amplified spontaneous emis-
sion (ASE) noise), and a PC (PCI1, to align the incident
polarization with the principal axis of the PM FUT). The
duration of pump pulse is set to 10 ns, 20 ns, 60 ns, and
100 ns, corresponding to the spatial resolutions of 1m,
2m, 6m, and 10m, respectively. After propagating
through the PM FUT, the pump pulse light subsequently
passes through an in-line polarizer before being detected
by a PD with a 400 MHz bandwidth. The PD output is
routed to a commercial oscilloscope (OSC) for monitor-
ing the pulse shape and power. PC1 is adjusted to max-
imize the monitored pulse peak power, confirming proper
alignment of the incident polarization. The OLO branch
(lower arm) follows the same configuration as in Fig. 3a,
except that both sidebands are retained. The optical
power of dual-sideband OLO is set to approximately
3 dBm. PC2 aligns the polarization of the SpBS light with
that of the OLO. The configuration used at the receiver
stage is the same as that in Fig. 3a(i). The uncorrelated
Stokes and anti-Stokes signals beat with the lower and
upper sidebands of OLO, respectively, resulting in an
electrical beating signal in the distance domain merged
with zero-mean additive noise (detection noise). For each
combination of pulse power and duration, 10,000 reali-
zations are recorded within a 6.144 ps sampling window.
Instead of a physical ED, digital post-processing is
employed to extract the intensity envelope signal (similar
with the method used for Fig. 3h). Specifically, the
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acquired 10,000 beating signals under every parameter set
are first filtered by a digital BPF, with a bandwidth
approaching the FWHM of the Brillouin spectrum. The
filtered signal is then squared, followed by low-pass fil-
tering with a bandwidth on the same order of magnitude
as the FWHM of the Brillouin spectrum, to yield the
intensity envelope signal. After correcting for the noise-
induced bias by applying the identical processing proce-
dure to the ADC output recorded without the pump
pulse, the mean values and STD across 10,000 measure-
ments are computed per pulse parameter configuration.
The resulting SNR surface along the fiber is shown in
Fig. 6b.

The parameters required in the theoretical calculations
of Fig. 6 include: dual-sideband OLO power Pr, = 3 dBm,
backscattering coefficient ks, which is medium-
dependent and the common value in silica is about -95
dB/m, effective group index of the propagating mode
Heff = 1.44 which is medium-dependent, mode group
velocity in vacuum ¢ = 3 x 10m/s, pump pulse duration
D, =10, 20, 60, 100 ns. The pump pulse power P, ran-
ging from 10 dBm to 31 dBm with an interval of 3 dB, are
merely theoretical reference power and may deviate from
the actual values due to the influence of nonlinear effects
(e.g., stimulated Brillouin scattering) and the limited
performance of the devices (e.g., EDFA).

Single-pulse BOTDR based on SMF

The single-pulse BOTDR experiment based on SMF
adopts a standard polarization-scrambled coherent
detection scheme'”. The FUT used is a 1.9 km-long SME.
The OLO power, pump pulse power and duration, as well
as the detection components (BPD, amplifier, ADC), are
identical to those in the PMF-based BOTDR setup. The
electrical beating signal is recorded with a duration of
25.088 ps (25,088 samples at 1 GSa/s), repeated 10,000
times for each pulse configuration. The envelope extrac-
tion is performed digitally using the same processing and
filtering parameters as in the PMF case.

Sample preparations
Water sample preparation

The water sample is prepared by sandwiching 10 uL
double-distilled water between two #1.5 coverslips, sepa-
rated by a 120 um thick imaging spacer (Grace Bio-Labs,
SecureSeal).

PDMS beads sample preparation

To prepare polydimethylsiloxane (PDMS) beads
embedded in agarose gel, 5uL 1% (w/v) low-melting-
point agarose solution in water is first deposited onto a
#1.5 coverslip pre-mounted with a 120 um thick imaging
spacer. After gelation, PDMS beads are applied onto the
gel surface, followed immediately by the addition of 7 uL
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of the same agarose solution. A second #1.5 coverslip is
placed on top to seal the sample. This three-layer con-
figuration effectively reduces pump light reflection.

Fiber sample preparation for Brillouin imaging

The fiber sample (see Supplementary Fig. S9 for details)
is assembled by attaching a fiber adaptor (Thorlabs,
SM1FCA) and a #1.5 coverslip with one imaging spacer
with thickness of 120 um. To prevent strong reflections of
pump light at the fiber-air interface, an index-matching
refractive index liquid (Cargille, Series AA, 1.414) is
applied to fill the gap. A 1km SMF is then slowly con-
nected to a fiber adaptor to avoid the formation of air
bubbles. The output power at the distal end of the fiber is
monitored to verify the focal point location and determine
the scan range and center.

Cells

HelLa cells (CBP60232, Cobioer) are cultured according
to the American Type Culture Collection (ATCC)
guidelines. Cells are maintained in DMEM (Gibco,
11960044) supplemented with 10% (v/v) FBS (Gibco,
30044333) and 100 U/mL penicillin-streptomycin (Gibco,
15140122). For imaging, cells are seeded at a density of
5000 cells/cm® onto polyacrylamide (PAA)-coated ima-
ging dishes (MATRIGEN, SV3510-EC-12) and allowed to
adhere overnight.
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