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Distributed fiber optic sensors are used to monitor civil infrastructures and detect earthquakes and for energy trans-
port surveillance. Over the past 20 years, various technological and numerical advances have pushed back the limits
of these sensors and diversified their applications. However, the maximum range of distributed fiber optic sensors
such as Brillouin optical time domain reflectometers (BOTDRs) is currently limited by the signal-to-noise level of
the detectors. We present a fast, long-range measurement technique with a high signal-to-noise ratio that overcomes
these difficulties. We propose to use a gated single-photon detector triggered by multiple gating pulses delayed by sub-
dead time duration. The length of the pulse sequence considerably reduces measurement time without compromising
spatial resolution, maximum range, or sensitivity. The proposed approach is demonstrated experimentally by measuring
the Brillouin signal up to a distance of 150 km in a standard single-mode fiber. The measurements were performed with-
out need for an optical amplification module remotely placed along a standard single-mode fiber, thus surpassing the
state of the art and providing excellent agreement with theory. We experimentally demonstrate a hot-spot measurement
at 125 km with a spatial resolution of 20 m. By extrapolating our results, we pave the way for the future 200 km BOTDRs.
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1. INTRODUCTION

Distributed optical sensors have rapidly developed over the last
few decades, benefiting from enabling technologies such as laser
and fiber optics [1,2]. They can measure temperature or strain
at distances of tens or hundreds of kilometers, and are used to
monitor pipelines and submarine cables, as well as earthquakes
and geological activity [2-8]. Among these sensors, optical reflec-
tometers send a pulse of light into the fiber under test. The light
is then scattered backward by light-matter interaction, which
can be Raman, Rayleigh, or Brillouin scattering. The backscat-
tered light is then measured using an interferometric setup and a
photodiode. Determination of the light’s time of flight enables
the location of the backscattering to be pinpointed, while tem-
perature or deformation is determined from the properties of the
backscattered light. Among these sensors, those based on Brillouin
optical time domain reflectometry (BOTDR) have the particu-
larity of producing an absolute temperature measurement. The
use of conventional photodiodes allows a spatial resolution down
to 10 cm [9,10] and a range of up to 100 km with a 10 m spatial
resolution [11,12]. The current capabilities of BOTDR sensors
allow for a range of up to 100 km using polarization-diverse coher-
ent detection [12], and up to 250 km when combining Raman
amplification with an erbium-doped amplifier [13,14]. The latter,
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along with other recent improvements, typically involves the inte-
gration of a new class of optical lasers within the fiber network or
the introduction of specialty optical fiber.

Ultimately, the range of these sensors is limited by the signal-
to-noise ratio (SNR) of the photodiode. This limitation can
be overcome by quantum technologies such as single-photon
avalanche photodiodes (SPADs) or superconducting nanowire
single-photon detectors (SNSPDs) [15-18]. Sensors based on
Rayleigh and Raman scattering [19-21] as well as Brillouin scat-
tering [22,23] have been fabricated using these technologies. The
latter sensor is called v-BOTDR. However, the disadvantage of
photon counting is the long measurement times involved. As a
photon counter only counts one photon at a time, many mea-
surements have to be taken to establish a statistic and calculate
an optical power. In [22], the SPAD detector operates in gated
mode, and a measurement cycle can be described as follows: once
the pump light pulse is sent, an electrical pulse signal called a gaze
is sent to trigger the SPAD. This activation gare signal is delayed
relative to the optical pulse by the time of flight required for the
light to travel to the position of the measurement point and return
to the detector. If the SPAD detector detects an incoming photon,
a positive event is recorded. Thanks to the delay, backscattering is
assumed to have occurred at the point of interest and the recorded
event is associated with a position along the fiber. After detection,
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Fig. 1.  Illustration of Brillouin optical reflectometry performance,

provided for guidance only, in single-mode optical fiber at telecommu-
nications wavelength without active optical amplification along optical
fiber. Note that the experimental conditions may vary between articles.
BOCDR: Brillouin optical correlation domain reflectometer [25,26],
BOTDR [27,28], BOTDR assisted by Raman amplification [11,13],
BOTDR assisted by coding and polarization diverse coherent detection

[12],and v-BOTDR [22].

the SPAD then becomes inactive for a necessary time, called dead
time, to avoid false detections due to the after-pulsing effect [24].
After several experiment cycles, the proportion of positive events
for a given time is used to determine the equivalent scattered
optical power. This means that a measurement cycle detects only
one position along the fiber. This leads to detrimental measure-
ment times or poor resolution as shown by the total measurement
duration:

Xmax
7-tvotal =—X Tmeasv (1)

where xmax is the distance of the furthest measurement point
(range), 8x is the sampling interval, and 7}, is the required time
to measure the temperature at one distance, which is here assumed
to be constant. Better spatial resolution measurement increases
the number of cycles and thus the total measurement duration.
Conversely, traditional interferometric devices measure an entire
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length of fiber in a single cycle, as the light backscattered along the
fiber is measured continuously by the photodiode.

In this article, we move closer to this mode of operation with a
method we call multi-gating, which scans several points along the
optical fiber in a single measurement cycle. This method, applied
to the v-BOTDR, enables us to measure Brillouin signal at a dis-
tance of 150 km while circumventing dead time limitations and
maintaining good resolution. The SNR of our system allows us to
achieve temperature measurements at a range of 125 km. Figure 1
compares our results with other BOTDR devices according to
spatial resolution and range. The article is divided into three parts.
First, we introduce our setup and the multi-gating approach. Then,
experimental results are presented to show the ability to reach long-
range temperature measurement and good resolution. Finally, we
discuss measurement time and spatial resolution optimization for a
given range.

2. EXPERIMENTAL SETUP

The experimental setup is represented in Fig. 2. A tunable nar-
rowband laser sends infrared light into a semiconductor optical
amplifier (SOA) surrounded by optical isolators to avoid the laser
effect. The SOA generates optical pulses of duration 7jy. going
from 10 to 200 ns, according to the chosen spatial resolution, with
ameasured peak power of 13.6 dBm.

A circulator C1 sends the optical pulses into the single-
mode fiber under test (G.652.D) of 150 km with optical losses
0f0.19 dB/km. The optical pulses generate Rayleigh and Brillouin
scattered light in the backward direction that is collected through
the circulator C1. A fiber Bragg grating (FBG) with a high rejec-
tion ratio of 40 dB is combined with a circulator C2 to filter the
Rayleigh (red) and Brillouin Stokes (green) scattered light and
measure only the Brillouin anti-Stokes (BAS) signal (blue) as
illustrated by the spectrum inset in Fig. 2(a). Note that a similar
approach was demonstrated by Wait and Hartog on conventional
BOTDR [29]. Unlike [22], here we do not use the FBG as a fre-
quency discriminator, but we position the BAS wavelength at
the center of a flat FBG passband thanks to the tunability of the

(b)
SPAD state T * Photon detected
ont — * Photon not detected
A Single-gating
OFF.
T T 6t
ON+ W aeantent — -
W Multi-gating
: 6t < dead time T
OFF
to S/ 0 Time
135 140 145 150 Distance
(km)

(a) v-BOTDR principle based on single-photon avalanche detector (SPAD), using a fiber Bragg grating (FBG) and multi-gating technique. %

corresponds to the trigger of the semiconductor optical amplifier (SOA), Az is the delay between the trigger of the SOA and the activation of the SPAD.
It corresponds to the round-trip photons’ time of flight to the measurement position. Black dashed lines represent the microwave cables and solid lines the
optical fibers. The spectrum (top) shows the backscattering spectrum from the optical fiber with the FBG response in a magenta dashed line. The second
spectrum (bottom) shows the spectrum after filtering by the FBG, and corresponding to the Brillouin anti-Stokes signal (blue) measured on the SPAD. The
Brillouin Stokes (green) and scattering (red) are attenuated by 40 dB thanks to the FBG. The Brillouin anti-Stokes light frequency is at the center of the FBG
flat top bandpass, so that temperature fluctuation only affects the measured intensity. (b) Chronograms showing the different techniques with distributed
measurements based on SPAD and the influence of dead time. Top: chronogram of the SPAD activation with a single-gating technique. The response along
the optical fiber is done by modifying Az to scan every point. Bottom: chronogram of the SPAD activation when the dead time, denoted 7, is larger than the
intraburst delay 8¢. Multiple gates allow scanning different points along the optical fiber within the same cycle.
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frequency of the laser. We would point out that it is also possible to
carry out the measurement on the Brillouin Stokes signal, by shift-
ing the laser frequency, to obtain the Stokes response at the center
of the FBG. The power levels are equivalent between the Stokes
and anti-Stokes signals. The temperature is extracted from the
0.38 %/K intensity dependence on the Brillouin anti-Stokes (BAS)
intensity. This approach optimizes the signal-to-noise ratio with a
better signal compared to the frequency discriminator approach.
In order to measure weak signals from more than 100 km, we use
a SPAD in gated mode (Geiger mode) [30] with a dark count rate
per gate of 0.06 cps in our setup. To perform a measurement, after
the light pulse is sent, an electrical pulse generator generates an
activation gate pulse to trigger the SPAD for a short time:

Tg:ate = 7;)ulse/2' ()

Each activation gate corresponds to a particular distance along
the optical fiber defined by the delay Az between the optical pulse
and the activation gate pulse. By choosing Az as the time of flight
taken for the light pulse to travel to the measurement point and
back, we have a precise localization of the measurement position
along the fiber. If a photon is detected by the SPAD, as shown by
the blue star in the chronogram in Fig. 2(b), the time correlator
receives an electrical pulse and assigns a g to the correspond-
ing gate. After a few hundred measurements, a statistic can be
calculated, leading to the equivalent optical power

hv
7;gate X f,

where Nphoy/s is the number of photons per second, 4 is the Planck
constant, v is the photon frequency, 75, is the gate duration, and
[ is the cycle frequency. As shown in the chronogram at the top of
Fig. 2(b), a detection (blue star) is followed by a dead time denoted
7, of typically 10 ps. During this period, no detection can be per-
formed, in order to prevent false detections due to the after-pulsing
effect [31,32]. Consequently, the sensor becomes b/ind for a period
corresponding to a distance of about 1 km. If only one activation
gate is opened per cycle, the dead time has no influence on the
measurement, since the period of a cycle corresponds to 100 km.
This is illustrated by the following yellow star in Fig. 2(b).

To minimize measurement time, we need to perform as many
measurements as possible per cycle, and therefore open as many
gates as possible in a pulse train without distorting the statistics due
to dead time periods. In Fig. 2(b), we compare the SPAD activation
chronogram for the two techniques, single-gating (top) and multi-
gating (bottom). Each gate corresponds to a position along the
optical fiber. In the multi-gating scheme [Fig. 2(b) bottom], some
activation gate pulses are sent with a delay shorter than the dead
time. This means we can scan more points along the optical fiber,
but the statistic may be distorted by the deactivation of gates fol-
lowing a detection. In the chronogram, at the bottom of Fig. 2(b),
the first photon detection (blue star) is followed by a missed photon
(yellow star). This scenario would alter the statistics and give a
poor estimate of power. However, in the low-flux regime, i.e., for
distances greater than 100 km, this scenario is unlikely to occur.
In this regime, the probability pdetection of detecting a photon for
any activation gate is well below one. The joint probability that two
subsequent activation gates will result in two detections 3. o 1S
therefore even lower. Since the joint probabilities evolve according
to a square law in the low-flux regime, many activation gates can

P= ]vphot/s (3)

be launched after a detection without altering the optical power
estimate.

In general, the signal level after 100 km is less than 2 cps.
A 100 ns gate has therefore a probability of 2 x 1077 of pro-
ducing a photon detection, making the joint probabilities of
subsequent detections very low. Calculations and explana-
tions of the distortion of the power as a function of distance are
detailed in Supplement 1. In the following paragraph, we present
experimental results obtained beyond 100 km to confirm this
hypothesis.

3. EXPERIMENTAL RESULTS

In Fig. 3(b) the Brillouin anti-Stokes trace is plotted using 200 ns
optical pulses, with 500 activation gates (in black) thanks to the
multi-gating method. The complete trace was obtained in 1 h. In
Fig. 3(a), the complete measurement of the optical fiber is shown,
by measuring different parts of the optical fiber and adjusting the
attenuation with a variable attenuator, in order to avoid saturation
of the SPAD and high-flux regime (see Supplement 1). At the
connection between the two different coils (at 100 km), the signal
drops due to a poor connection, and a difference of Germanium
doping. The total length of the optical fiber is 150.5 km and the
signal measured over this distance corresponds to the noise level of
our sensor. The noise is mainly due to the amplified spontaneous
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Fig. 3. Distributed measurement of the Brillouin anti-Stokes signal
with 200 ns optical pulses (a) on the different optical fiber spools. One
of 100 km (0.187 dB/km) measured with a variable attenuator, and the
one of 50 km (0.194 dB/km) without attenuator. Measurement realized
with 1.8 million of averaging. (b) Measurement of the last part of the
optical fiber, with a cumulated acquisition time of 1 h. The dark count
rate (DCR) is shown by the dashed black line (DCR = 0.06 cps). Inset
shows a zoom on the end of the trace, where the signal after 150.5 km is
out of the fiber. The vertical axis represents the count rate (cps). 500 gates
are opened per cycle time 7= 1.6 ms, with an intraburst delay §# = 1 s,
so that any detection would be followed by 10 gates within the dead time
(10 ps).
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Fig. 4. Temperature profile made with the setup B in Fig. 2(a). We
show the area around 125 km with a spatial resolution of 20 m. The 150 m
heated fiber is in an oven heated to 100°C. The ambient temperature is
19°C and the acquisition time is set to 3 h. Experiment realized with a
dead time 7 = 10 psand an intraburst delay §7 = 200 ns.

emission (ASE) from the SOA and the dark count rate (DCR) of
the SPAD. The inset in Fig. 3(b) allows us to observe the difference
between the Brillouin signal, the ASE, and the DCR. At 150.5 km
the level of signal-to-noise ratio is around 1 dB. The theoretical
curve in red solely based on the fiber attenuation, measured with a
commercial optical time domain reflectometer (OTDR), shows a
very good agreement. It confirms that the statistics are not distorted
by the dead time while decreasing the total measurement time by a
factor of 500.

In the following, we discuss temperature measurement and
spatial resolution. Brillouin backscattering gain in optical fiber
depends on temperature and strain as demonstrated in [28,33].
In our configuration, we use the dependence of the Brillouin
anti-Stokes amplitude as a function of the temperature. The single-
mode fiber (G.652D) used has been characterized in an adjustable
oven and as a temperature coefficient of 0.38%/K. Optical fiber
losses of the different sections of the fibers were first measured
with a commercial OTDR, based on Rayleigh scattering. Using a
reference OTDR trace, with an accuracy better than 0.01 dB (o),
we can compensate for optical losses when measuring the Brillouin
anti-Stokes signal along the fiber. This compensation allows for
a relative temperature measurement unaffected by optical losses,
leveraging the temperature coefficient for accuracy. As we are meas-
uring intensity variation, the stability of the laser power is crucial.
However, laser power fluctuations can be monitored in real-time
and compensated for when computing the detected photon flux.
The chosen temperature reference is 19°C, corresponding to the
ambient temperature in the laboratory.

We place 150 m of optical fiber inside an oven heated to 100°C,
after 125 km of optical fiber. We get the temperature profile shown
in Fig. 4(b). This measurement confirms the hypothesis of a
low-flux regime, because the measured temperature is in good
agreement with the heated oven temperature. Moreover, the mea-
surement confirms the spatial resolution of 20 m as the 150 m of
heated fiber are identified.

In Table 1 the standard deviation of the temperature measure-
ment around 125 km is calculated for 21 different positions as a
function of the acquisition time. After 1 h of measurement, the
standard deviation drops below 9°C, and 4°C after 3 h of acqui-

sition. This shows that one can spend more time on a certain area
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Table 1. Standard Deviation of Temperature
Measurements around 125 km, Averaged on 21 Close
Positions, at Room Temperature

Acquisition time (h) 1 2 3
Standard deviation o (°C) 8.5 5.7 3.7

of interest to obtain more sensitive temperature measurements on
that area. The multi-gating method therefore makes it possible to
measure further quickly and without distortion, while maintaining
good resolution and sensitivity.

4. MEASUREMENT TIME AND SPATIAL
RESOLUTION

The expected advantage of the multi-gating method is the reduc-
tion of the acquisition time i compared to previous work
[22]. Tioral can be assessed with Eq. (1), taking for the single

measurement the duration

]vnecessary counts (4)

7;'neas = 5
Nohot/s(X¥max) X 1SPAD

where Necessary counss 18 the number of actual detections required
to compute the statistics. Here 700 detections are necessary, corre-
sponding to the measurement of 1 h represented in Table 1, where
the standard deviation o is below 9°C. xp.x is the maximum dis-
tance of measurement, and 7spap is the SPAD efficiency (typically
20%). Note that for each point, 7pe,s is assumed to be constant
and estimated with the Brillouin photon flux Nyhot/s(¥max) at
maximum distance, where it is the lowest. In Fig. 5, we show the
calculation of 7i,y as a function of the number of gates and of the
range for a 10 m sampling interval and a 20 m spatial resolution.
The range corresponds to measurements made from 100 km to a
distance x,x going up to 150 km.

One can see on the bottom right of the figure that measure-
ments up to 150 km, with a 20 m resolution, require more than one
month with single-gating operation as shown by the orange-yellow
color in this area. As the number of gates is increased, the colors
turn to green or blue, showing a significant decrease in total mea-
surement time. Four white lines have been added to show 10 min,
30 min, 1 h, and 3 h measurements. On the top right of the figure,
the lines show that the 150 km range can be fully measured within
6 h when 5000 activation gates per cycle are used. Moreover, the

5000 Time
r 24 h
4000
@ 6 h
§3000
5 1h
@
‘E 2000 10 min
S
Z
1000 3 / 1 min
This w

100 110 120 130 140 150
Range x___(km)

max

Fig.5. Simulation of the acquisition time to detect 700 Brillouin pho-
tons in v-BOTDR configuration. The sampling interval is 10 m and the
spatial resolution is 20 m. The fiber section under test ranges from 100 km
to distance xqy.
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1 h dotted-dashed line shows that 130 km range falls into 30 min
total measurement time. A significant improvement is therefore
obtained. Aslong as the number of gates does not add distortion to
the statistics, the number of gates is limited by the duration of the
dead time, and also the flux of Brillouin photons. Supplement 1
gives details on this limitation.

As much as the challenge is to keep the total acquisition time
low, we must achieve it while maintaining an acceptable spatial
resolution for submarine applications. For BOTDR [34], spatial
resolution is defined by

EEE— ®)

where Ty is the optical pulse duration, ¢ the speed of light in
vacuum, and 7 the effective group index of the optical fiber. The
optical pulse duration affects the Brillouin efficiency [34] but also
the activation gate duration because they are linked by Eq. (2).
Both phenomena alter the signal-to-noise ratio (SNR), the former
because it modifies the BAS signal, and the latter because it affects
the noise. Indeed, the duration upon which the SPAD detector
is activated has an impact on the measurement noise that results
from the optical noise of the experimental setup and the dark count
rate, which is a property of the SPAD detector. As a consequence,
one must also consider the SNR when investigating the spatial
resolution. The SNR writes

x N ot/s + ]vnoise
SNR =10 x log,, (nSPAD phot/ ) , (6)

]Vnoise

where the noise detection rate’s N, main contributions are the
dark count rate and the amplified spontaneous emission (ASE)
coming from the SOA and coupled through the circulator with an
isolation of 62 dB. To calculate the SNR, we made measurement
of the Brillouin efficiency with optical pulses ranging from 10
to 200 ns and measured dark count rates for the corresponding
activation gates. Using Eqs. (3), (5), and (6) we then calculated the
spatial resolution for the maximum achievable range providing
a minimum SNR of 1 dB. The result is shown in red in Fig. 6.
By increasing the spatial resolution, the detection range can be
extended while maintaining the SNR at 1 dB, because more pho-
tons are injected into the optical fiber with longer 7j1sc. The figure
shows how a v-BOTDR can be configured to favor the maximum
range over spatial resolution or the other way around.

The maximum performance of v-BOTDR has not yet been
reached. One of the limitations of our setup is that the power
injected is limited to 13.6 dBm, which corresponds to the maxi-
mum output power achievable with an extinction ratio of 68.2 dB.
Indeed, the v-BOTDR technique needs a high extinction ratio to
prevent the continuous background noise between each optical
pulse from degrading the photon counter readings as it passes
through the circulator (C1). To improve the performance of our
v-BOTDR, a higher peak power for optical pulses is desirable.
However, distributed sensors based on Brillouin scattering are
limited by maximum peak power and background noise to avoid
modulation instability and pump depletion. In particular, it is
commonly accepted that 200 mW is the limit to avoid a nonlinear
detrimental effect [35,36] and that ASE filtering is required.

The second limitation is due to the detection system. The
SPAD efficiency in this study is 20%, with a DCR of 0.06 cps. For
commercial SPADs, improving efficiency will degrade the DCR
and, consequently, the SNR of the detection system. Thanks to
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Fig. 6. Comparison between the actual configuration (red) and the
simulated v-BOTDR response (black) with commercial SNSPD with
an efficiency of 80% and optical pump pulse power of 23 dBm (ASE
filtering).

the development of quantum technologies, new operating regimes
have been explored to increase the activation frequency of SPADs
[37,38], and detectors with a reduced after-pulsing probability
[39] and also superconducting nanowire single-photon detectors
(SNSPDs) have emerged. SNSPDSs offer greater efficiency, up to
80% with a DCR estimated at less than 0.01 cps [40]. This new
technology offers the possibility to improve the SNR by 20 dB,
thanks to alower DCR and a higher efficiency.

Combining the increased power of optical pulses with the state
of the art of single-photon detection counters, we find as shown in
black in Fig. 6 that v-BOTDR would achieve total ranges in excess
0f200 km with sub-10 m resolution.

5. CONCLUSIONS

We have demonstrated a Brillouin optical reflectometer with
long range, high signal-to-noise ratio, and short measurement
time. Using multiple gates per cycle to trigger the SPAD detector
considerably reduces acquisition time. We have confirmed this
multi-gating approach experimentally by demonstratinga hot-spot
measurement at 125 km with a spatial resolution of 20 m and an
acquisition time of less than 3 h. These measurements are in good
agreement with theory, which shows no distortion despite the fact
that SPADs are used in gated mode with a sub-dead time pulse
delay. This is due to the low probability of subsequent detections
at distances greater than 100 km. As a result, a significant reduc-
tion in measurement time is achieved while maintaining good
performance in terms of range, spatial resolution, and SNR. We
also showed that the saving in measurement time can be devoted
to improving temperature sensitivity. In addition, we have demon-
strated a v-BOTDR measurement over a distance of 150 km and
a temperature measurement at 125 km without optical amplifi-
cation along a standard single-mode fiber, surpassing the state of
theart.

Finally, we are paving the way for the v-BOTDR to exceed
200 km by optimizing the pump power while maintaining an
excellent extinction ratio, and improving the efficiency of the
detector [41]. The multi-gating could be applied to all photon-
counting technology measurements involving low-flux signals,
such as medical imaging or spectroscopy.
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