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Abstract—An analytical signal-to-noise ratio (SNR) model of
standard frequency-scanned Brillouin optical time-domain reflec-
tometry (FS-BOTDR) is established, by comprehensively taking
into account nearly all non-negligible signal and noise terms with
substantial impact on the sensing performance. The accuracy and
generality of the proposed model are experimentally validated,
supported by the fact that under various experimental conditions
all experimental results are in good quantitative agreement with
theoretical calculations. Serving as a theoretical tool, the estab-
lished model makes it possible to accurately anticipate and com-
prehensively interpret the SNR behavior of the FS-BOTDR under
any given measurement condition, without the need to construct
an experimental system or carry out experiments. It also enables
theoretically quantifying the SNR difference between FS-BOTDR
and other distributed optical fiber sensors that already have mature
SNR models. Furthermore, the proposed model provides guidelines
on optimizing system parameters towards the highest possible SNR
with minimized energy consumption.

Index Terms—-Brillouin scattering, distributed optical fiber
sensors, optical fibers, signal-to-noise ratio.

I. INTRODUCTION

RILLOUIN optical time-domain reflectometry (BOTDR)
B is a widely studied distributed optical fiber sensing tech-
nique, capable of spatially interrogating environmental quanti-
ties throughout the sensing fiber with alarge dynamic measurand
range [1], [2], [3], [4], [5]. BOTDR that utilizes spontaneous
Brillouin scattering (SpBS), featuring single-end fiber access,
typically employs a heterodyne detection scheme to magnify the
weak SpBS signal, whilst converting the Brillouin information
from the optical domain to an electrical-domain beating signal
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through the photodetection process [1], [2], [3], [4], [5], [6],
[71, [81, [9], [10], [11], [12]. The local Brillouin spectrum of
BOTDR can be reconstructed by either directly acquiring the
beating signal with subsequent digital signal processing [6], [7],
[8], or acquiring the temporal envelope of the beating signal
at each step of a frequency scanning process [9], [10], [11],
[12]. The latter approach, here referred to as frequency-scanned
BOTDR (FS-BOTDR), presents a much lower hardware and
software overhead, and is therefore preferable realizing a long
sensing range that corresponds to a large number of data points
to be processed.

As both the manipulation and post-processing procedures
of FS-BOTDR are in total similarity with those of standard
Brillouin optical time-domain analysis (BOTDA) [13], [14],
[15], these two techniques share a similar methodology in
terms of evaluating the performance of sensing system. This
means that any relevant know-how developed for one of these
two techniques may directly benefit the other. For instance,
the formula able to theoretically estimate the uncertainty of
the Brillouin frequency shift (BFES) o, in BOTDA, i.e., 0, =
/30Avp/4/SN R[16], may be directly reused for FS-BOTDR
by replacing the relevant parameters, namely the signal-to-noise
ratio (SNR) of the measurement, the frequency scanning step
¢ and the full width at half maximum (FWHM) of the local
Brillouin spectrum Avg. This highlights the significance on the
establishment of SNR models for both techniques. For standard
BOTDA a mature SNR model has been established [17], which
has even been recently extended for advanced BOTDA tech-
niques [18], [19]; however, till now the models dealing with
the SNR of FS-BOTDR present in literature remain incomplete.
They are originally established to analyze a specific technical
detail such as the impact of number of wavelength used [20],
[21], [22] or the pulse extinction ratio [23], [24], but have
not yet precisely taken into account either the signal-amplified
detection noise originating from the envelope detection process,
or the polarization fading noise caused by the use of polarization
scrambler (PSc). This lack of clarity regarding the overall impact
of noises on the measurement of FS-BOTDR imposes mismatch
between the theoretically estimated and actual SNRs, hinder-
ing the accurate anticipation of the system performance and
the optimization of system parameters. Moreover, the absence
of a complete SNR model of FS-BOTDR critically prevents
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The standard configuration of FS-BOTDR system and the exemplified distance-domain output of (a) a balanced photodetector (BPD); (b) A bandpass

filter (BPF); and (c) An envelope detector (ED). PG: Pulse generator; SOA: Semiconductor optical amplifier; PSc.: Polarization scrambler; EDFA: Erbium-doped
fiber amplifier; FUT: Fiber under test; RF: Radio frequency; EOM: Electro-optic modulator.

theoretically quantifying its performance difference with respect
to BOTDA, though by common sense the latter utilizing stim-
ulate Brillouin scattering (SBS) in principle corresponds to a
higher SNR.

In this paper, a more complete SNR model of the standard
FS-BOTDR system, thoroughly taking into account almost all
signal and noise terms with substantial impact on the sensing
performance, is established for the first time to the best of
our knowledge, enabling a comprehensive understanding of
FS-BOTDR system on how system parameters affect the overall
performance. Results point out that, there are signal-dependent
noises arising from the envelope detection process present in
FS-BOTDR system, typically including polarization noise and
signal-amplified detection noise, which have not been ade-
quately addressed in previous literature whereas actually impact
significantly on the SNR behavior. The established SNR model
is experimentally validated in both long-range and short-range
sensing scenarios with distinct spatial resolutions. Furthermore,
by combining with the noise analysis of BOTDA that has existed
in the literature [17], [18], [19], the proposed SNR model of
FS-BOTDR makes it possible to quantitatively compare the
performance difference between these two major techniques
in Brillouin distributed sensing area under any measurement
condition.

II. STANDARD FS-BOTDR CONFIGURATION AND SNR
MODELLING

For the sake of fundamentality, the basic SNR model of
standard FS-BOTDR is here step-by-step established by de-
scribing its working principle based on the typical configuration
shown in Fig. 1. Using this established model as a basis, more
dedicated models for other specific FS-BOTDR configurations
may be developed accordingly. In Fig. 1, a continuous wave
emitted from a narrow linewidth distributed feedback laser is
split into two branches by an optical coupler (Couplerl). In
the upper branch, the light is intensity-modulated to an optical
pulse via a semiconductor optical amplifier (SOA) driven by
a pulse generator (PG). Before being launched into the fiber
under test (FUT), the optical pulse successively passes through
apolarization scrambler (PSc) to mitigate the polarization fading
effect, an erbium-doped fiber amplifier (EDFA) to optimize the

pulse peak power, and an optical filter to reduce the broadband
optical noise from the EDFA. The distance-dependent power of
the SpBS signal, designated as Pgs(z), being the summation of
the Stokes signal power Ps;(z) and Anti-Stokes signal power
Pgs(z), can be expressed as:

B kSchDpe’QaZ
N N

where kg is the backscattering coefficient of SpBS in silica, typ-
ically in the order of magnitude of 3 x 107°/m (—95 dB/m
in logarithmic scale) [25]; ¢ is the mode group velocity in
vacuum; P, and D,, are the peak power and duration of the
incident pulse, respectively; IV is the effective group index of
the propagating mode in the fiber; « is the fiber attenuation
coefficient. In the lower branch, the laser beam is injected into an
electro-optic modulator (EOM) to generate a carrier-suppressed
double-sideband wave. This wave acts as the optical local os-
cillator (OLO), with an optical power of Pr, = Pro1 + Pro2,
P11 and Pp 2 being the optical power of the lower and upper
sidebands, respectively. The EOM is driven by a radio frequency
(RF) signal with a varying frequency to perform a scan for
reconstructing the Brillouin spectra over the FUT. In the receiver
stage, the aforementioned OLO and SpBS light are mixed via
Coupler2 and then detected by a balanced photodetector (BPD).
The optical power entering Coupler2 and that reaching the BPD
are approximately equal due to the negligible coupling loss and
insertion loss of the Coupler2. The uncorrelated Stokes and
Anti-Stokes signals beat with the lower and upper sidebands of
OLO, respectively, resulting in an electrical signal in the distance
domain merged with zero-mean additive noise attributed to
various noise types, as exemplified by Fig. 1(a). Due to the use
of balanced detection scheme, the impact of relative intensity
noise from the laser is greatly mitigated and thus omitted in
the analysis, and the photodetection noises including thermal
and shot noises are mainly considered hereafter. The detailed
mathematical process modelling the electrical signal and noise
output from the BPD is addressed in Appendix A instead of here
for brevity. The output of BPD then passes through an electrical
bandpass filter (BPF) that selects the desired spectra of both
signal and noise within its passband, giving rise to a response
in the distance domain shown by Fig. 1(b), here designated as
Vi (2) that can be readily derived from (9A) in Appendix A and

Ps(z) = Psl(z) + PSQ(Z) (1)
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TABLE I
EXPECTATION VALUES AND STDS OF THE THREE TERMS IN (4)

Terms

Expectation values

STDs

LPF{I} ,(2)}
LPF{21, ((2)I, .(2)}
LPF{IZ (2)}

/I/HQ(Z) = Ul%—n

H52<Z) = PLOPS(Z)/2 (5)
M?sn(z) =0 (7)

0s2(2) = ProPs(2)/2 (6)

U2sn<z) =V PLOPS(Z)Ub—'rL (8)

9) =o;, (10)

on2(2)

depicted as:
Vo(2) o Tp—s(2) + Ip—pn(2)
= R\/PLoPs(2)F [Af(2)] cos [6(2)]
~{cos [H(z) + ¢1(2)] + cos [H(2) + d2(2)]}
+ Ibfn(z) (2)

where I;,_4(z) is the photocurrent of the beating signal output
from the BPF; R =~ 1 A /W is the responsivity of the photodiode,
which will be omitted in the following derivation process for
brevity, and the resulting unit mismatch problem will also be
ignored as it does not substantially affect the analysis; A f(z) =
|fs1(2) = fro1l = |fs2(2) — froz|, fs1(2) and fsa(2) being
the frequency of the Stokes and Anti-Stokes SpBS light at
each fiber position z respectively, fr,1 and fr,o being the
frequency of the two OLO sidebands, respectively; F[A f(z)] is
a normalized power coefficient representing how much power
of Brillouin signal from the BPD passes through the BPF, which
depends on the spectral position of the BPF passband and A f(z);
the angle 6(z) is the local relative polarization rotation of the
SpBS with respect to the OLO, varying in the range [0, 7/2];
H(z) = 4w Af(z)Nz/c indicates the carrier phase of the beat-
ing signal; ¢1(z) (or ¢2(2)) is the random phase difference
between the Stokes (or Anti-Stokes) SpBS signal and the lower
(or upper) OLO sideband reaching the BPD; I;,_,(2) is the noise
photocurrent at the BPF output, mainly attributed to filtered
thermal noise and shot noise, and can be characterized by its
standard deviation (STD) as [26]:

op-n(z) = O'lgfth + Ugfsh(z)

= \/U%BF +2q[PLo + Ps(2)] Br

~ \/O’%BF + 2qPLoBF (3)
where o,_4j, and o_ 1, (2) stand for the STDs of filtered thermal
noise and shot noise, respectively; 0% is the power spectral
density (PSD, in unit of A2/ Hz) of the thermal noise, which
must be obtained experimentally by measuring the PD output
voltage without light input [17]; ¢ = 1.6 x 10~'° C is the elec-
tron charge; B is the bandwidth of BPF, which typically equals
to 1/D,. The approximation in (3) holds due to the fact that
the rather weak Pg(z) negligibly impacts on o7 _, (2) with
respect to the much stronger Pr, in a heterodyne detection
configuration.

The distance-domain envelope of V;(z), i.e., the response of
port ¢, designated as A.(z), is then produced by an off-the-shelf
envelope detector (ED), as shown by Fig. 1(c). The ED conducts
essentially a power detection (square detection) process, which
can therefore be mathematically depicted by firstly squaring
Vi (2) and then performing a low-pass filtering operation LPF{x}
with a bandwidth equal to 1/D,, yielding:

Aelz) = LPF{V(2)}
oc LPF{I} ,(2)} + LPF{2,_4(2)I;_n(2)}

+ LPF{I? , (2)} )

This enables to mathematically model the local SNR of A.(z)
by comprehensively analyzing the last three terms of (4). In the
analysis we rationally assume F'[A f(z)] ~ 1 such that omitting
F[Af(z)] in the following equations for simplicity and visual
clarity, since by definition SNR(z) is the SNR at the peak-
value frequency of the Brillouin spectrum at each fiber position
z [16], in which case most power of the local Brillouin spectrum
passes through the BPF. By substituting (2) into (4), the statistic
parameters - the expectation value and STD - of each term at
each fiber position z, are derived as summarized in Table I (see
detailed derivation in Appendix B).

From Table I it can be observed that the expectation of A.(z)
(i.e., the noiseless envelope trace) is simply the summation of a
signal term expressed by (5) and a constant bias expressed by
(9). The trivial latter can practically be removed in actual mea-
surement by subtracting the measured data by the mean value of
its direct current part. On the other hand, Table I indicates that
the power detection process makes the measurement affected by
three types of noises: I) the polarization noise, i.e., the randomly
varying polarization fading effect resulting from the beating
between the OLO light and the PSc-induced randomly polarized
SpBS light (the mechanism is similar to the polarization noise in
the BOTDA sensors based on PSc [18]), II) the signal-amplified
detection noise, and III) the squared detection noise, with STDs
denoted by (6), (8) and (10), respectively. Based on these signal
and noise terms, the SNR at each position z along the FUT under
M times trace (i.e., A.(z)) averaging can be represented as:

Hs2 (Z)\/M
V% (=) + 03, (2) + 0% 2)

This SNR model constitutes a theoretical tool to anticipate
the performance of FS-BOTDR under a given measurement
condition, by readily substituting system parameters into (11).

SNR(z) =

an
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Calculation results with distinct OLO powers based on (11); (a) Envelope signal profiles; (b) Noise profiles; (c) SNR profiles. Simulation’s parameters are:

n=144,ks =3x 1071 /m,c =3 x10%m/s,02 =2 x 10722 A2 /Hz, R = 1A/W, F[Af(2)] = 0.92, « = 0.2dB/km, P, = 25dBm, D, = 50ns,

Br = 20MHz, zyax = 60km, Pr,, = 4dBm, M = 4000.

More importantly, the model also enables to comprehensively
understand the SNR behavior and optimize system parameters of
standard FS-BOTDR. For instance, considering a typical mea-
surement scenario with 5 m spatial resolution and 60 km sensing
range, the theoretically anticipated signal, noise and SNR trends
calculated from (11), respectively, are shown by solid curves
in Fig. 2(a)-2(c) with logarithmic scale, where or,tqi(2) =
\/052 (2) + 03,,(2) + 022(2). It can be observed that the signal
decays linearly (i.e., exponentially in linear scale) with distance
as affected by the intrinsic fiber loss (solid curve in Fig. 2(a)),
whilst the noise shows an uneven trend (solid blue curve in Fig.
2(b)), giving rise to a SNR trend not always linear with the signal
power (solid curve in Fig. 2(c)). This is essentially attributed to
the signal-dependent noises, i.e., polarization noise (red) and
signal-amplified detection noise (yellow), both decaying with
distance, superpose on the evenly distributed squared detection
noise (green). This way the polarization noise dominates at the
fiber near-end and decays faster than the signal-amplified noise;
at the fiber far-end, the squared detection noise turns dominating.
On the other hand, by adjusting the OLO power from 4 dBm to
—3 dBm while keeping other parameters unchanged, both signal
and noise decrease accordingly with distinct behaviors (dashed
curves in Fig. 2(a) and 2(b), for visual clarity in Fig. 2(b) only the
trend of total noise is illustrated), resulting in a SNR trend shown
by the dashed curve in Fig. 2(c). It can be found that such a SNR
curve is not entirely down-shifted with respect to that with the
OLO power of 4 dBm, rather they interestingly show a similar
SNR level at the fiber near-end. All analysis above indicates that
the SNR feature of FS-BOTDR is distance-dependent, which
can be further elaborated by observing the typical regions of the
FUT as:
I) Region I (light red in Fig. 2(c)): typically corresponding
to the fiber positions around the fiber near-end of a long
FUT, or over the entire fiber length of a short FUT, where
the polarization noise dominates, which is here designated
as polarization-noise-limit condition. In this region (11)
can be simplified to (the detailed mathematical derivation
is shown from (1C)—(5C) in Appendix C):

SNR(z) ~ VM, forP,[Ps(z) — 8¢Br| > 40%Bp
(12)

M being the number of trace averaging. In this case the
SNR can approach an upper limit of /M as long as Pr,
is sufficiently large (guaranteed by the condition term in
(12)) to make the contribution of (8) and (10) far smaller
than that of (6). Note that, since (6) grows much faster
than (8) and (10) as Pp, increases, the minimum required
Pr, to reach such a polarization-noise-limit condition (~
—8 dBm as calculated based on the condition term in (12))
is smaller than that of conventional shot-noise-limit con-
dition. This essentially explains why the achieved SNR
is similar when using 4 dBm and —3 dBm OLO powers
(both beyond the minimum required value to approach the
upper limit of v/M).

II) Region 2 (light greenin Fig. 2(c)): typically corresponding
to the fiber positions around the fiber far-end of a long
FUT, where the square detection noise dominates. In this
region (11) can be rewritten as (the detailed mathematical
derivation is shown from (6C)—(9C) in Appendix C):

VMP, 2
SNR(z) ~ 5(2) for Pr, > %

1
T (13)

which corresponds to the conventional shot-noise-limit
condition, and can be reached as long as P, is sufficiently
large (guaranteed by the condition term in (13), calculated
as ~ 7 dBm) to make the thermal noise far smaller than the
shot noise. In this case the SNR turns linearly proportional
to the signal power Pg(z) that is concretely expressed
by (1).

From above two typical cases it can be noticed that the
optimization of P, can be theoretically realized based on (11),
which depends on measurement conditions, being distinguished
from the routine of taking the maximum possible power that
is just below the PD saturation all the time, as will be further
experimentally verified in Section III.

III. EXPERIMENTAL VERIFICATION AND DISCUSSION

A standard FS-BOTDR system shown by Fig. 1 has been
implemented for experimental validation. To demonstrate the
generality of the SNR model, both long-rang (~50 km-long
FUT) and short range (~5 km-long FUT) sensing scenarios are
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investigated. In each scenario, experiments are carried out with
spatial resolutions of 1 m, 2 m and 6 m, corresponding to pulse
durations of 10 ns, 20 ns and 60 ns, respectively. The bandwidths
of BPFs are chosen as 100 MHz, 50 MHz and 17 MHz to
match the spatial resolutions used, respectively. Since aiming to
investigate the SNR behavior, for which only the envelope trace
corresponding to the peak-value frequency of Brillouin spectra
(i.e., near BFS) is required, therefore in the experiment the RF
signal is not scanned, rather it is delicately set to guarantee that
most A f(z) are spectrally located around the central frequency
of the BPF, i.e., F[Af(z)] ~ 1. A 400-MHz BPD is used in
the experiment, the thermal noise PSD of which is measured
experimentally as o2 ~ 1.97 x 10722 A%2/Hz [17]. For each
spatial resolution, the envelope signal output from the ED is
acquired with 4000 times trace averaging to ensure a decent
SNR for the sake of visual clarity. The measurement is consec-
utively repeated by several times under the same experimental
condition, from which the experimental SNR can be achieved
by taking the ratio between the mean values of the repeated
traces (i.e., experimentally obtained signal) and their STDs (i.e.,
experimentally obtained noise) at each fiber position.

A. Long-Distance Sensing Scenario (~50 Km-Long FUT)

Experiments for the long-distance sensing scenario are carried
out with a ~50 km-long FUT. Based on (13) that indicates a
linear dependence between Pg(z) and SNR in the long-distance
scenario, the peak power of the incident optical pulse, P, is max-
imized to ~25 dBm, being exactly below the threshold of modu-
lation instability (MI) [27], to maximize Ps(z = 50km) so as to
maximize the SNR. According to the condition termin (13), Py,
is set to the largest possible value of ~4 dBm (measured at the
input of Coupler2, as limited by the optical power budget of the
experimental system) to approach the shot-noise-limit condition
for all spatial resolutions used. This procedure is verified by Fig.
3(a) that experimentally compares SNR profiles along the ~50
km-long FUT with 2-m spatial resolution, under different Pr,,
changing from —6 dBm to 4 dBm at an interval of 2 dB. In

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 42, NO. 16, AUGUST 15, 2024

the figure all SNR profiles show nonlinearly decaying trends,
matching with the theoretical anticipation as illustrated by Fig.
2(c). Furthermore, around the fiber near-end corresponding to
Region I in Section 11, it is verified that the SNR remains almost
unchanged and close to the upper limit /M (1/4000, ~18 dB in
the logarithmic scale), as more clearly illustrated in Fig. 3(b), due
to fact that all Pr, used are close to or larger than the minimum
value satisfying the condition term of (12). It is normal that
with a spatial resolution of 2 m, the SNR does not completely
reach the theoretical upper limit, because precisely speaking, the
signal-amplified noise (8) is not completely negligible, so that
the polarization noise (6) does not completely dominate even
if Pr, is sufficiently large. In principle, the wider the spatial
resolution, the larger the Pg, the more dominant the polarization
noise, and the closer the SNR is to the upper limit. On the other
hand, at the fiber far-end corresponding to Region 2 in Section II,
the SNR is as expected maximized at the highest Pr,, as shown
in Fig. 3(c), since all Pr, used are smaller than the minimum
required value of ~7 dBm that satisfies the condition term of
(13)).

With the system parameters set above, the correctness of
theoretically anticipated signal, noise and SNR curves are re-
spectively investigated by comparing with experimental results.
Fig. 4(a)-4(c) show the experimental acquired envelope signals
(light blue curves) with distinct spatial resolutions of 1 m, 2 m,
and 6 m, respectively, all in logarithmic scale and being greatly
consistent with the theoretical anticipations (dark blue curves)
calculated from (5). The noise behavior is then investigated,
characterized by the STD of the envelope signal at each fiber
position computed from the repeating measurements, as shown
by the light blue curves with logarithmic scale in Fig. 4(d)—4(f)
for distinct spatial resolutions. In the figures the theoretically
derived STDs of distinct noise sources (red, yellow and green
curves) and the total noise (dark blue curves) at each fiber
position are also illustrated for comparison, the latter showing a
good agreement with experimental results (light blue curves). It
can be found that for all spatial resolutions the signal-dependent
polarization noise indicated by (6) and the signal-amplified
detection noise (mainly shot noise) indicated by (8) dominate
at the fiber near-end; the wider the spatial resolution, the more
domination of the polarization noise as it is linearly proportional
to the signal power. Signal-dependent noises decay along the
fiber, such that at the fiber far-end the total noise is more deter-
mined by the signal-independent squared shot noise indicated by
(10); the narrower the spatial resolution, the more domination
of the squared shot noise. The SNR at each fiber position for
distinct spatial resolutions is shown by the light blue curves in
Fig. 4(g)-4(), respectively, all matching well with the theoret-
ical curves (dark blue) anticipated based on (11), verifying the
accuracy and generality of the proposed SNR model.

B. Short-Distance Sensing Scenario (~5 Km-Long FUT)

The SNR in short-range sensing scenario, expected to behave
as stated by Region I in Section II, is here experimentally
investigated with a ~5 km-long FUT. Based on analysis in
Section II, in such a short-range sensing scenario the OLO power
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Pr,, and input pulse peak power P, are no longer independently
optimized as is the case for the long-sensing range scenario, but
should be jointly optimized based on the condition term of (12).
It means that the optimized power of Pr, and P, may not have
to be their respective largest possible values. Indeed, Fig. 3(b)
has already demonstrated that any P, greater than ~—9 dBm,
though much lower than the largest possible value of ~4 dBm,
can result in a similar SNR close to the upper limit /A (here

Distance (km)

Distance (km)

SNR profiles along a ~5-km long FUT measured at distinct pulse peak powers with spatial resolutions of: (a) 1 m; (b) 2 m; and (c) 6 m.

~18 dB). And vice versa, such an upper limit SNR can alterna-
tively be achieved by combining a sufficiently high P, with a
P, much lower than its largest possible value (limited by fiber
nonlinear effects such as MI, here ~31 dBm for the 5-km long
FUT [27]). To demonstrate this deduction, SNR trends along the
FUT are experimentally measured at distinct pulse peak power
P, under a fixed Pp, of ~4 dBm, with spatial resolutions of
1 m, 2 m and 6 m, as shown by Fig. 5(a)—(c), respectively. It can
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Fig. 6.  SNR behaviors of BOTDA and FS-BOTDR along a ~50 km-long FUT with spatial resolutions of: (a) 1 m; (b) 2 m; and (c) 6 m.
be observed that, the SNR is improved with the increase of P, . |
. . . . ump pulse
in the case of 1 m spatial resolution, since all used pulse peak
power are not sufficiently high to satisfy the condition term of
(12)’ ie., to sat1sfy Pp>28.5 dBm (see detailed calculation in Lol: OLO lower sideband Lo2: OLO upper sideband
Appendix D); on the other hand, in cases of 2 m and 6 m spatial
resolutions, the SNR remains sumlar with any .]?p used, since all S1: Stokes S$2: Anti-Stokes
used pulse peak power could satisfy the condition term of (12) - »
| . eating beating
(Pp>22.5 dBm for 2 m spatial resolution and P,>13.0 dBm F— R —
for 6 m spatial resolution, see detailed calculation in Appendix ng
frequency

D). From Fig. 5 it can be also clearly observed that, the SNR
with wider spatial resolution is closer to the theoretical upper
limit, due to a more dominating polarization noise expressed
by (6) (i.e., a more negligible signal-amplified noise expressed
by (8)). However, it is important to note that, even though the
SNR has been saturated (e.g., all SNR curves overlap in the
case of 6 m spatial resolution), the saturated SNR level is still
slightly lower than the theoretical upper limit (less than 1 dB),
implying that there might be other sources of noise affecting the
SNR behaviour. In this work, we do not study this point in more
detail, because the suspected additional noise does not tangibly
impact on the SNR analysis at least for PSc-based FS-BOTDR.
All above mentioned results demonstrate the correctness of the
theoretical analysis regarding Region I in Section II, which
offers a guideline optimizing OLO power and pulse peak power
towards a minimum energy consumption of the system.

C. Quantitative Comparison of SNR Between FS-BOTDR and
BOTDA

Combining the here proposed SNR model of FS-BOTDR and
the existing SNR model of BOTDA in literature [17], [18], [19]
makes it possible to theoretically quantify the SNR difference
between the two techniques under the same measurement con-
dition. In this section, for fair comparison, the identical sys-
tem parameters including peak pulse power, spatial resolutions,
length of FUT, number of trace averaging, frequency scanning
step, and the same experimental devices except for BPF and
ED, as used in the experiment of FS-BOTDR conducted in
Section III-A, are adopted to build up an optimized standard
long-range BOTDA with a Brillouin loss configuration and a
direct detection scheme with pre-amplification as described in
[17], [28]. The noise sources of BOTDA system used in this sec-
tion routinely includes polarization noise, photo-detection noise,

Fig. 7. Schematic diagram of the beating process between SpBS and OLO.
signal-SpBS beating noise and signal-ASE beating noise [17],
[18], [19].

Fig. 6(a)-6(c) show the theoretically anticipated and exper-
imentally obtained SNR results of optimized BOTDA (green
curves) and BOTDR (blue curves, reused from Section III-A)
with spatial resolutions of 1 m, 2 m, and 6 m, respectively, where
the experimental SNR profiles of BOTDA (light green curves)
are in perfect agreement with the theoretical calculations (dark
green curves) based on [17], [18], [19]. It can be seen that,
with any spatial resolution used, the SNR of BOTDR is always
weaker than that of BOTDA, in consistent with the general
cognition in the Brillouin sensing community. It can be further
observed that their SNR difference (denominated by ASN R)
shown by red curves with right-hand vertical axis in Fig. 6,
grows gradually, whether along the FUT or with the expands
of spatial resolution. More specifically, at the 50-km fiber far
end, the SNR of BOTDA is around 10 dB higher than that of
BOTDR (the SNR of BOTDA is ~11dB, ~12dB, ~13 dB larger
than that of BOTDR with spatial resolutions of 1 m, 2 m, 6 m,
respectively). Results highlight that the SNR difference between
the two Brillouin-based time-domain systems under any given
system parameters can be theoretically anticipated, thanks to the
here proposed SNR model of FS-BOTDR.

IV. CONCLUSION

In this study, an accurate SNR model of standard FS-BOTDR,
covering the procedure from the photodetection process to the
envelope detection process, considering all signal and noise
terms with substantial impact on sensing performance, has been
established for the first time to the best of our knowledge. The
accuracy and generality of the established SNR model have been
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experimentally validated by excellent quantitative agreement
between theory and measurement under various experimental
conditions. The proposed SNR model serves as a theoretical tool,
paving the way to efficiently design and evaluate a FS-BOTDR
system in terms of:

1) precisely anticipating the SNR performance of FS-
BOTDR under any given measurement condition, with no
need to build experimental setup or carry out experiments.
The anticipation only requires the system parameters
present in (1) and (11) such as fiber length, optical pulse
width, optical pulse peak power, and so on.

2) comprehensively understanding the SNR behavior of FS-
BOTDR system. The model clarifies the quantitative re-
lation between the signal and each type of noise. It
points out that signal-dependent noises, mainly including
polarization noise and signal-amplified detection noise,
which have not been adequately addressed in previous
literature, in fact impact significantly on the system per-
formance. This enables to precisely interpret for the first
time the nonlinear dependence of the SNR profile on
the signal power. The model also brings on an essential
novel finding that there exists an upper limit of SNR
equal to /M, M being the number of envelope trace
averaging, which can be approached at the fiber posi-
tions where the signal power is sufficiently large such
that the signal-dependent polarization noise is absolutely
dominant.

3) theoretically quantifying the SNR difference between FS-
BOTDR and standard BOTDA by combining the existing
SNR model of BOTDA in literature [17], [18], [19]. Under
the same measurement condition, it is found out that
the SNR differences between the two techniques grow
gradually with the increase of spatial resolution and fiber
distance. Taking 50 km-long sensing distance as an exam-
ple, it has been verified that the SNR of FS-BOTDA at the
fiber far-end is in the order of 10 dB higher than that of
FS-BOTDR with meter-scale spatial resolutions.

4) guiding the optimization of system parameters towards the
highest possible SNR with minimized energy consump-
tion. It is pointed out that in some scenarios, e.g., with
short-range FUT, the OLO power and optical pulse peak
power should be jointly optimized, and the optimized pow-
ers may be much lower than the largest possible values.
Using any power higher than the optimum value brings
tiny benefit to the system performance, and the latter is
obviously more preferable from the perspective of energy
conservation.

Itis interesting to note that, if the SNR upper limit highlighted
in this work is solely attributed to the polarization noise caused
by the polarization scrambler, the limit may be overcome by
using other interrogation schemes without the polarization noise.
These schemes include but are not limited to those based on a
polarization switch or a polarization diversity coherent receiver.
However, this perspective may not be entirely valid, as we have
noticed from Fig. 5 and briefly commented in Section III-B
that the realistic upper limit of SNR might be affected by other
sources of noise, which we will study in more detail in the near
future.

5793

On the other hand, further study may also focus on addressing
the SNR model of other BOTDR approaches, for instance the one
directly performing short-time Fourier transform on the beating
signal [6], [7], [8], to enrich the fundamental understanding on
various Brillouin-based time-domain distributed optical fiber
sensors. This may help to select the appropriate sensors for
technicians facing different application requirements, without
the need of conducting sophisticated experiments.

APPENDIX A

This appendix shows the detailed mathematical derivations
for modelling the electrical signal output from the BPD in
Section II (i.e., the signal at port @ in Fig. 1). The electrical
signal results from the beating of the Stokes SpBS and the lower
OLO sideband, and that of the Anti-Stokes SpBS and the upper
OLO sideband, as shown in Fig. 7. The field amplitudes of the
Stokes and Anti-Stokes light, designated as E—51> (t) and E_Sg> (1),
respectively, can be described as:

Esi(t) = {#cos [0(t)] 75O 4 §sin [0(1)] 70510}

- Egy (t) eI2mfs1(t)t (1A)
Ber(t) = {4 952(1) 1 g i J9s (1)
Ego(t) = {Zcos[0(t)] €52 + gsin[0(t)] e’ P52\ }

- Ega(t) oI 2T fs2(t)()t (2A)

where 2 and ¢ stand for the polarization direction of the OLO
light and its orthogonal direction, respectively; the angle 6(¢) is
the local relative polarization rotation of the SpBS with respect
to the OLO, varying in the range [0,7/2]; ¢%,(t), ¢%,(t),
$%y(t), and ¢%, (t) are the random phase differences in Z and §
polarization direction between the SpBS signal and OLO light
reaching the input of Coupler2; Eg;(t) and Egs(t) are the opti-
cal amplitudes of the Stokes and Anti-Stokes waves respectively;
j is an imaginary unit; fg1(¢) and fg2(t) represent the local
frequency of the Stokes and Anti-Stokes waves, respectively.
The lower and upper sidebands of OLO wave reaching the
) i —— —_—
input of Coupler2, designated as F1,,1(t) and Er,02(t), respec-
tively, can be described as:

Epoi(t) = #Epo1 (t)e! ™ rert (3A)
ELOQ (t) = ,’lAiELOQ (t)ej%rfL"zt (4A)

where Er,1(t) and Ep.(t) are the field amplitudes of each
sideband of OLO wave; fr,1 and f1,.2 represent the frequency
of each OLO sideband, respectively.

According to the optical transfer function of the 2 x 2 optical
coupler with 50:50 splitting ratio (power-coupling coefficient
€ = 0.5), the field amplitudes of the composed optical signal at
two outputs of Coupler2 can be depicted as [29]:

Eey(t)] _ [F—a m] Esi(t) + Esa (1)
Ecso(t) Ve VI—¢| |Epoi(t) + Epoa(t)
_ % 9% [ Esi) + Bsao) 54)
j\% 72 | | Eroi(t) + Ero2(t)
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The SpBS light including Stokes and Anti-Stokes lines beats
with double-sideband OLO light in a BPD, where the upper beat-
ing frequency components (e.g., originating from the beating
process between E—S; (t) and ETOQ) (t), ~20 GHz) are filtered out
by the BPD with a bandwidth of a few hundred megahertz. This
way the optical power of the composed optical signal reaching
two inputs of the BPD can be expressed as:

Pi(t)  LPFepp {Eci(Fci' ()} (6A)
Py(t) o« LPFeen { Bea()Bes' (1)} (A)

where LPFppp{x} represents the filtering operation from the

BPD; E¢1”(t) and E¢q”(t) represent the complex conjugate of
Ec1(t) and Ecq (t), respectively.

The output of BPD, i.e., the response of port a, consisting
of the differential signal between two electrical signals corre-
sponding to two inputs of BPD and inevitable zero-mean additive
noise mainly attributed to the photo-detection process, can be
converted into the distance domain using the the mode group
velocity in vacuum ¢, and expressed as:

Va(2) x Ia—s(2) + Io—n(2) = RP1(2) — RP2(2) 4+ I4—n(2)
= 2R~/ Pro1 Ps1(z)cos [0(z)] cos [H(z) + ¢1(2)]

+ 2R/ ProaPsa(z)cos [0(2)] cos [H (z) + ¢a(2)]
+ Ion(2) (8A)

where H(z) = 4nAf(2)Nz/c; Af(2) = |fs1(2) — fro1| =
|fs2(2) = frLo2|; Pro1 and Pp.o are the power of the lower and
upper OLO sideband, respectively, and Pr,1 = Ppo2; Ps1(z)
and Pg2(z) are the powers of the Stokes and Anti-Stokes SpBS
signal, respectively, and Ps1(z) = Psa(z); I4—s(2) is the pho-
tocurrent of the beating signal output from BPD; R~ 1 A/W
is the responsivity of the photodiode, which will be omitted in
the following derivation process for brevity, and the resulting
unit mismatch problem will also be ignored as it does not
substantially affect the analysis; NN is the effective group index
of the propagating mode in the fiber; ¢1(2) = ¢%,(2) — 7/2
and ¢o(2z) = ¢%y(2) — /2, are the random phase difference
between the SpBS signal and OLO reaching the BPD. Consid-
ering the total SpBS power Ps(z) = Ps1(z) + Pg2(z) and total
OLO power Pr, = Pro1 + Pro2, (8A) can be simplified to:

Va(z) x R+/ ProPs(z)cos [0(z)]
~{cos [H(z) + ¢1(2)] + cos [H(2) + ¢a(2)]}
+ Ia—n(2) 9A)

where I,_,(z) is the noise photocurrent, which usually com-
posed of thermal and shot noises given that the relative intensity
noise of the laser is greatly mitigated by the balanced detection
scheme, and thus can be characterized by STD as:

\/Ugfth +0a_on(2)

= \/U%BPD + 2q [PLo + PS(Z)} Bpp

Can(z) =
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~ \/02Bpp + 2qPL,Bpp (10A)

where 0,4, and 0,_s,(2) are the STDs of the total thermal
noise and shot noise at port a, respectively; o= is the PSD
of the total thermal noise; ¢ = 1.6 x 107!? C is the electron
charge; Bpp is the bandwidth of BPD. The approximation holds
due to the fact that Pg(z) has a negligible effect on shot noise
with respect to the much larger Py, in a heterodyne detection
configuration.

APPENDIX B

This appendix shows the detailed mathematical derivations
of the results listed in Table I of Section II. The output of BPD
shown by (9A) is selected by an electrical BPF and processed
by an off-the-shelf ED, giving rise to the response of port b and
¢ in succession, and then the expression of (2)—(4) in Section II
can be obtained. The SNR model of the envelope signal A.(z),
defined by the ratio of its expectation value and STD, can be
established by characterizing the SNR of the three terms on the
right-hand side of (4). The deriving process is briefly presented
as following, in which we let F[A f(z)] = 1, since by definition
SN R(z) is the SNR at the peak-value frequency of the Brillouin
spectrum at each fiber position z [16], corresponding to the case
that nearly all Brillouin information passes through the BPF.

1) The term of LPF{I? _(2)} in (4).

By substituting (2) into the first term on the right-hand side
of (4), the square term can be expressed as:

LPF{I7 ,(2)}
= PpoPs(2)cos? [0(2)] {1 + cos [Ag(2)]}

where Ag(z) = ¢1(2) — ¢2(2), and cos?[f(z)] varies between
0 and 1 following a uniform distribution with the number of
measurements, which has been experimentally verified based
on standard interferometry reflecting the state of polarization
of the input light signal [29]. Note that the terms containing
cos[2H (z)] signify the high frequency components (a few hun-
dred megahertz and higher than 1/D,), which are filtered out
during calculation by the operator LPF{x} with a bandwidth
equalto 1/D,,.

Considering that cos?[f(z)] follows a uniform distribution
between 0 and 1, and ¢1(z) and ¢2(z) follow a uniform distribu-
tion between 0 and 27, it can be obtained that cos?[6(z)] = 1/2
and cos[A¢(z)] = 0. Thus the expectation value and STD of
LPF{I? .(z)}, designated as y2(z) and o42(2), respectively,
can be calculated according to respective statistic definition:

(1B)

psle) = PRI ()] = LB op
0(2) = IR {12 (2)} — 4% (2)
_ ProPs(z) LOI; 5(2) (3B)

2) The term of LPF{21}, _.(z)I_,,(2)} in (4).
Since the BPF bandwidth is less than the system acquisition
bandwidth, I;_,(z) can be considered as a narrowband random
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noise, which can be decomposed into in-phase and quadrature
components [30]:

Ia(z) = I (2)eos [H(2)] — I2,(:)sin[H(2)]  @B)
where I/ | (z)and [, Ig ,,(2) stand for the in-phase and quadrature
components of I, (z), respectively. Such two independent
components both follow zero-mean normal distributions with
the same variance as I, ,,(z). Thus, substituting (2) and (4B)
into the second term on the right-hand side of (4), the cross term
can be expressed as:

LPF {QIb,S(Z)Ib,n(Z)}

= \/ProPs(z)cos [0(z)]
A1 (2)cos [61(2)] + I, (2)cos [p2(2)]

HIZ, G)sinon(2)] + 12, (sin[a(2)]}  (5B)

Since ¢1(z) and ¢3(z) follow a uniform distribution
between 0 and 2w, the expectation value and STD of
LPF{21}, (2)Ip_y (2}, designated as jipsn(2) and o2sn(2),
respectively, can be calculated according to their respective
statistic definition:

tasn(z) = LPF{21,_s(2)Ip—n(2)} =0 (6B)

O20n(2) = \/LPFE (2L (=) Iyn(2)} — hon(2)

= /ProPs(2)op_n (7B)
3) The term of LPF{I?  (z)} in (4).
Substituting (4B) into LPF{I? , (2)}, it can be obtained that:

1 1
LPE {2 ,(2)} = 5Ig’,nz(z) + 5IbQ_nQ(z) (8B)
As previously mentioned, both I} (%) and I, lg ,,(2) follow
the zero-mean normal distributions with the same variance as
that of I, (z) (shown by (3)). According to the calculation of
n moments of a normal distribution [31], it can be obtained that:

—5 2

i) =12, () =0, (9B)
and

T Ay gQ Y\ o 4

Ib—n (Z) - Ib—n (Z) - 30’b7n (10B)

The expectation value and STD of LPF{I? , (z)}, designated
as fi,2(z) and 0,2 (z), respectively, can be calculated as:

pn2(2) = LPF {17, (2)} = o7,

ruaz) = \/D el en{imlef -,
(12B)

(11B)

where D{x} represents the operator for evaluating the variance.
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APPENDIX C

In this appendix, we present the detailed mathematical deriva-
tion from (11) to (12) and (13) in the main text, respectively,
associated with their condition terms.

For Region I in Section II as defined in the main text, where
the polarization noise should dominate, it is required that:

022(2) > 05, (2) + 052(2) (1C)
Substituting (6), (8) and (10) into (1C) gives rise to:

P? P2

LofS(Z) > 2¢P7,Ps(z)Br
+ PL(,PS(Z)O'%BF
+4¢*P} B
+ J%B%
+ 4q03.B% Pr, (20)

Keeping the dominating terms and removing the negligible terms
in (2C), one can simplify (2C) to:

P? P2
PLaSC) s 24P, Ps(2)Be + ProPs(z)03Br  GO)
Rearranging (3C) results in:
Ppo [Ps(z) — 8¢BF| > 407 Bp (40)

which is taken as the condition term of (12) in the main text.
When such a term is satisfied, (11) in the main text can be
simplified to:

SNR(z) ~ (VM
042 (Z)
which corresponds to (12) in the main text.

On the other hand, for Region 2 in Section II as defined in the
main text, it can be mathematically derived that the squared
detection noise 03,2 (z) dominates by considering parameters
shown by the caption of Fig. 2 at the fiber far-end. In this case,
(11) can be rewritten as:

(50

Hs2 (Z) VM
SNR(z) ~ “onld)
n
ProPs(z)
o L 2s \/M
U%BF + 2qPLoBF
VM

QU%BF
Pr,Ps(2)

Q

b (6C)

Ps(z)
It can be observed that Pr, should be sufficiently large to
maximize the SNR, to satisfy:
4qBF 20’% BF
Ps(z) PLops(Z)
Keeping the dominating terms and removing the negligible terms
in (2C), it can be simplified and rearranged to:

(70

2

a
PL0>>l

o (8C)
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which is taken as the condition term of (13) in the main text.
When such a term is satisfied, (6C) can be further simplified to:

VM _ VMPs(2)

SNR(z) = 45
Ps(?) 4aBr

90

APPENDIX D

In this appendix, we present the mathematical calculation of
the theoretical minimum value of pulse peak powers required
under a fixed OLO power of ~4 dBm in Section III-B. According
to the statement of Region I in Section I1, it is necessary to satisfy
(4C) at the fiber position of z ~ 0 (the impact of fiber loss is
negligible for a short-distance sensing scenario) in order to reach
the so-called polarization-noise-limit condition. Here we assume
that P1,[Ps(z = 0) — 8¢Br| = 10 - 402, B canbe regarded as
the critical condition at which Pr,[Ps(z = 0) — 8¢Bp] is much
larger than 402 B, namely:

Pr, [Ps(z = 0) — 8¢Br] = 4007 Bp (1D)

Substituting (1) into (1D), the required theoretical minimum
pulse peak powers can be expressed as:

2
S0

Pmin _ 8N

= — 2D
p kScD% PLo ( )

For the distinct spatial resolutions of 1 m, 2 m and 6 m
(corresponding to pulse durations of 10 ns, 20 ns and 60 ns,
respectively), the calculation results of the required minimum
pulse peak powers can be obtained as ~28.5 dBm, ~22.5 dBm,
~13.0 dBm, respectively, by substituting the value of each
parameter into (2D).
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