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Extended-range and faster photon-counting
Brillouin optical time domain reflectometer
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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. INTRODUCTION26

Distributed optical sensors have rapidly developed over the last27
few decades, benefiting from enabling technologies such as laser28
and fiber optics [1,2]. They can measure temperature or strain29
at distances of tens or hundreds of kilometers, and are used to30
monitor pipelines and submarine cables, as well as earthquakes31
and geological activity [2–8]. Among these sensors, optical reflec-32
tometers send a pulse of light into the fiber under test. The light33
is then scattered backward by light-matter interaction, which34
can be Raman, Rayleigh, or Brillouin scattering. The backscat-35
tered light is then measured using an interferometric setup and a36
photodiode. Determination of the light’s time of flight enables37
the location of the backscattering to be pinpointed, while tem-38
perature or deformation is determined from the properties of the39
backscattered light. Among these sensors, those based on Brillouin40
optical time domain reflectometry (BOTDR) have the particu-41
larity of producing an absolute temperature measurement. The42
use of conventional photodiodes allows a spatial resolution down43
to 10 cm [9,10] and a range of up to 100 km with a 10 m spatial44
resolution [11,12]. The current capabilities of BOTDR sensors45
allow for a range of up to 100 km using polarization-diverse coher-46
ent detection [12], and up to 250 km when combining Raman47
amplification with an erbium-doped amplifier [13,14]. The latter,48

along with other recent improvements, typically involves the inte- 49
gration of a new class of optical lasers within the fiber network or 50
the introduction of specialty optical fiber. 51

Ultimately, the range of these sensors is limited by the signal- 52
to-noise ratio (SNR) of the photodiode. This limitation can 53
be overcome by quantum technologies such as single-photon 54
avalanche photodiodes (SPADs) or superconducting nanowire 55
single-photon detectors (SNSPDs) [15–18]. Sensors based on 56
Rayleigh and Raman scattering [19–21] as well as Brillouin scat- 57
tering [22,23] have been fabricated using these technologies. The 58
latter sensor is called ν-BOTDR. However, the disadvantage of 59
photon counting is the long measurement times involved. As a 60
photon counter only counts one photon at a time, many mea- 61
surements have to be taken to establish a statistic and calculate 62
an optical power. In [22], the SPAD detector operates in gated 63
mode, and a measurement cycle can be described as follows: once 64
the pump light pulse is sent, an electrical pulse signal called a gate 65
is sent to trigger the SPAD. This activation gate signal is delayed 66
relative to the optical pulse by the time of flight required for the 67
light to travel to the position of the measurement point and return 68
to the detector. If the SPAD detector detects an incoming photon, 69
a positive event is recorded. Thanks to the delay, backscattering is 70
assumed to have occurred at the point of interest and the recorded 71
event is associated with a position along the fiber. After detection, 72
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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 ν-BOTDR [22].

the SPAD then becomes inactive for a necessary time, called dead73
time, to avoid false detections due to the after-pulsing effect [24].74
After several experiment cycles, the proportion of positive events75
for a given time is used to determine the equivalent scattered76
optical power. This means that a measurement cycle detects only77
one position along the fiber. This leads to detrimental measure-78
ment times or poor resolution as shown by the total measurement79
duration:80

Ttotal =
xmax

δx
× Tmeas, (1)

where xmax is the distance of the furthest measurement point81
(range), δx is the sampling interval, and Tmeas is the required time82
to measure the temperature at one distance, which is here assumed83
to be constant. Better spatial resolution measurement increases84
the number of cycles and thus the total measurement duration.85
Conversely, traditional interferometric devices measure an entire86

length of fiber in a single cycle, as the light backscattered along the 87
fiber is measured continuously by the photodiode. 88

In this article, we move closer to this mode of operation with a 89
method we call multi-gating , which scans several points along the 90
optical fiber in a single measurement cycle. This method, applied 91
to the ν-BOTDR, enables us to measure Brillouin signal at a dis- 92
tance of 150 km while circumventing dead time limitations and 93
maintaining good resolution. The SNR of our system allows us to 94
achieve temperature measurements at a range of 125 km. Figure 1 95
compares our results with other BOTDR devices according to 96
spatial resolution and range. The article is divided into three parts. 97
First, we introduce our setup and the multi-gating approach. Then, 98
experimental results are presented to show the ability to reach long- 99
range temperature measurement and good resolution. Finally, we 100
discuss measurement time and spatial resolution optimization for a 101
given range. 102

2. EXPERIMENTAL SETUP 103

The experimental setup is represented in Fig. 2. A tunable nar- 104
rowband laser sends infrared light into a semiconductor optical 105
amplifier (SOA) surrounded by optical isolators to avoid the laser 106
effect. The SOA generates optical pulses of duration Tpulse going 107
from 10 to 200 ns, according to the chosen spatial resolution, with 108
a measured peak power of 13.6 dBm. 109

A circulator C1 sends the optical pulses into the single- 110
mode fiber under test (G.652.D) of 150 km with optical losses 111
of 0.19 dB/km. The optical pulses generate Rayleigh and Brillouin 112
scattered light in the backward direction that is collected through 113
the circulator C1. A fiber Bragg grating (FBG) with a high rejec- 114
tion ratio of 40 dB is combined with a circulator C2 to filter the 115
Rayleigh (red) and Brillouin Stokes (green) scattered light and 116
measure only the Brillouin anti-Stokes (BAS) signal (blue) as 117
illustrated by the spectrum inset in Fig. 2(a). Note that a similar 118
approach was demonstrated by Wait and Hartog on conventional 119
BOTDR [29]. Unlike [22], here we do not use the FBG as a fre- 120
quency discriminator, but we position the BAS wavelength at 121
the center of a flat FBG passband thanks to the tunability of the 122

Fig. 2. (a) ν-BOTDR principle based on single-photon avalanche detector (SPAD), using a fiber Bragg grating (FBG) and multi-gating technique. t0

corresponds to the trigger of the semiconductor optical amplifier (SOA),1t 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 modifying1t to scan every point. Bottom: chronogram of the SPAD activation when the dead time, denoted τ , is larger than the
intraburst delay δt . 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 to123
carry out the measurement on the Brillouin Stokes signal, by shift-124
ing the laser frequency, to obtain the Stokes response at the center125
of the FBG. The power levels are equivalent between the Stokes126
and anti-Stokes signals. The temperature is extracted from the127
0.38 %/K intensity dependence on the Brillouin anti-Stokes (BAS)128
intensity. This approach optimizes the signal-to-noise ratio with a129
better signal compared to the frequency discriminator approach.130
In order to measure weak signals from more than 100 km, we use131
a SPAD in gated mode (Geiger mode) [30] with a dark count rate132
per gate of 0.06 cps in our setup. To perform a measurement, after133
the light pulse is sent, an electrical pulse generator generates an134
activation gate pulse to trigger the SPAD for a short time:135

Tgate = Tpulse/2. (2)

Each activation gate corresponds to a particular distance along136
the optical fiber defined by the delay1t between the optical pulse137
and the activation gate pulse. By choosing1t as the time of flight138
taken for the light pulse to travel to the measurement point and139
back, we have a precise localization of the measurement position140
along the fiber. If a photon is detected by the SPAD, as shown by141
the blue star in the chronogram in Fig. 2(b), the time correlator142
receives an electrical pulse and assigns a tag to the correspond-143
ing gate. After a few hundred measurements, a statistic can be144
calculated, leading to the equivalent optical power145

P = Nphot/s
hν

Tgate × f
, (3)

where Nphot/s is the number of photons per second, h is the Planck146
constant, ν is the photon frequency, Tgate is the gate duration, and147
f is the cycle frequency. As shown in the chronogram at the top of148
Fig. 2(b), a detection (blue star) is followed by a dead time denoted149
τ , of typically 10 µs. During this period, no detection can be per-150
formed, in order to prevent false detections due to the after-pulsing151
effect [31,32]. Consequently, the sensor becomes blind for a period152
corresponding to a distance of about 1 km. If only one activation153
gate is opened per cycle, the dead time has no influence on the154
measurement, since the period of a cycle corresponds to 100 km.155
This is illustrated by the following yellow star in Fig. 2(b).156

To minimize measurement time, we need to perform as many157
measurements as possible per cycle, and therefore open as many158
gates as possible in a pulse train without distorting the statistics due159
to dead time periods. In Fig. 2(b), we compare the SPAD activation160
chronogram for the two techniques, single-gating (top) and multi-161
gating (bottom). Each gate corresponds to a position along the162
optical fiber. In the multi-gating scheme [Fig. 2(b) bottom], some163
activation gate pulses are sent with a delay shorter than the dead164
time. This means we can scan more points along the optical fiber,165
but the statistic may be distorted by the deactivation of gates fol-166
lowing a detection. In the chronogram, at the bottom of Fig. 2(b),167
the first photon detection (blue star) is followed by a missed photon168
(yellow star). This scenario would alter the statistics and give a169
poor estimate of power. However, in the low-flux regime, i.e., for170
distances greater than 100 km, this scenario is unlikely to occur.171
In this regime, the probability pdetection of detecting a photon for172
any activation gate is well below one. The joint probability that two173
subsequent activation gates will result in two detections p2

detection is174
therefore even lower. Since the joint probabilities evolve according175
to a square law in the low-flux regime, many activation gates can176

be launched after a detection without altering the optical power 177
estimate. 178

In general, the signal level after 100 km is less than 2 cps. 179
A 100 ns gate has therefore a probability of 2× 10−7 of pro- 180
ducing a photon detection, making the joint probabilities of 181
subsequent detections very low. Calculations and explana- 182
tions of the distortion of the power as a function of distance are 183
detailed in Supplement 1. In the following paragraph, we present 184
experimental results obtained beyond 100 km to confirm this 185
hypothesis. 186

3. EXPERIMENTAL RESULTS 187

In Fig. 3(b) the Brillouin anti-Stokes trace is plotted using 200 ns 188
optical pulses, with 500 activation gates (in black) thanks to the 189
multi-gating method. The complete trace was obtained in 1 h. In 190
Fig. 3(a), the complete measurement of the optical fiber is shown, 191
by measuring different parts of the optical fiber and adjusting the 192
attenuation with a variable attenuator, in order to avoid saturation 193
of the SPAD and high-flux regime (see Supplement 1). At the 194
connection between the two different coils (at 100 km), the signal 195
drops due to a poor connection, and a difference of Germanium 196
doping. The total length of the optical fiber is 150.5 km and the 197
signal measured over this distance corresponds to the noise level of 198
our sensor. The noise is mainly due to the amplified spontaneous 199
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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 T = 1.6 ms, with an intraburst delay δt = 1 µs,
so that any detection would be followed by 10 gates within the dead time
(10µs).
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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 τ = 10 µs and an intraburst delay δt = 200 ns.

emission (ASE) from the SOA and the dark count rate (DCR) of200
the SPAD. The inset in Fig. 3(b) allows us to observe the difference201
between the Brillouin signal, the ASE, and the DCR. At 150.5 km202
the level of signal-to-noise ratio is around 1 dB. The theoretical203
curve in red solely based on the fiber attenuation, measured with a204
commercial optical time domain reflectometer (OTDR), shows a205
very good agreement. It confirms that the statistics are not distorted206
by the dead time while decreasing the total measurement time by a207
factor of 500.208

In the following, we discuss temperature measurement and209
spatial resolution. Brillouin backscattering gain in optical fiber210
depends on temperature and strain as demonstrated in [28,33].211
In our configuration, we use the dependence of the Brillouin212
anti-Stokes amplitude as a function of the temperature. The single-213
mode fiber (G.652D) used has been characterized in an adjustable214
oven and as a temperature coefficient of 0.38%/K. Optical fiber215
losses of the different sections of the fibers were first measured216
with a commercial OTDR, based on Rayleigh scattering. Using a217
reference OTDR trace, with an accuracy better than 0.01 dB (σ ),218
we can compensate for optical losses when measuring the Brillouin219
anti-Stokes signal along the fiber. This compensation allows for220
a relative temperature measurement unaffected by optical losses,221
leveraging the temperature coefficient for accuracy. As we are meas-222
uring intensity variation, the stability of the laser power is crucial.223
However, laser power fluctuations can be monitored in real-time224
and compensated for when computing the detected photon flux.225
The chosen temperature reference is 19◦C, corresponding to the226
ambient temperature in the laboratory.227

We place 150 m of optical fiber inside an oven heated to 100◦C,228
after 125 km of optical fiber. We get the temperature profile shown229
in Fig. 4(b). This measurement confirms the hypothesis of a230
low-flux regime, because the measured temperature is in good231
agreement with the heated oven temperature. Moreover, the mea-232
surement confirms the spatial resolution of 20 m as the 150 m of233
heated fiber are identified.234

In Table 1 the standard deviation of the temperature measure-235
ment around 125 km is calculated for 21 different positions as a236
function of the acquisition time. After 1 h of measurement, the237
standard deviation drops below 9◦C, and 4◦C after 3 h of acqui-238
sition. This shows that one can spend more time on a certain area239

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 σ (◦C) 8.5 5.7 3.7

of interest to obtain more sensitive temperature measurements on 240
that area. The multi-gating method therefore makes it possible to 241
measure further quickly and without distortion, while maintaining 242
good resolution and sensitivity. 243

4. MEASUREMENT TIME AND SPATIAL 244
RESOLUTION 245

The expected advantage of the multi-gating method is the reduc- 246
tion of the acquisition time Ttotal compared to previous work 247
[22]. Ttotal can be assessed with Eq. (1), taking for the single 248
measurement the duration 249

Tmeas =
Nnecessary counts

Nphot/s(xmax)× ηSPAD
, (4)

where Nnecessary counts is the number of actual detections required 250
to compute the statistics. Here 700 detections are necessary, corre- 251
sponding to the measurement of 1 h represented in Table 1, where 252
the standard deviation σ is below 9◦C. xmax is the maximum dis- 253
tance of measurement, and ηSPAD is the SPAD efficiency (typically 254
20%). Note that for each point, Tmeas is assumed to be constant 255
and estimated with the Brillouin photon flux Nphot/s(xmax) at 256
maximum distance, where it is the lowest. In Fig. 5, we show the 257
calculation of Ttotal as a function of the number of gates and of the 258
range for a 10 m sampling interval and a 20 m spatial resolution. 259
The range corresponds to measurements made from 100 km to a 260
distance xmax going up to 150 km. 261

One can see on the bottom right of the figure that measure- 262
ments up to 150 km, with a 20 m resolution, require more than one 263
month with single-gating operation as shown by the orange-yellow 264
color in this area. As the number of gates is increased, the colors 265
turn to green or blue, showing a significant decrease in total mea- 266
surement time. Four white lines have been added to show 10 min, 267
30 min, 1 h, and 3 h measurements. On the top right of the figure, 268
the lines show that the 150 km range can be fully measured within 269
6 h when 5000 activation gates per cycle are used. Moreover, the 270

Fig. 5. Simulation of the acquisition time to detect 700 Brillouin pho-
tons in ν-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 xmax.
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1 h dotted-dashed line shows that 130 km range falls into 30 min271
total measurement time. A significant improvement is therefore272
obtained. As long as the number of gates does not add distortion to273
the statistics, the number of gates is limited by the duration of the274
dead time, and also the flux of Brillouin photons. Supplement 1275
gives details on this limitation.276

As much as the challenge is to keep the total acquisition time277
low, we must achieve it while maintaining an acceptable spatial278
resolution for submarine applications. For BOTDR [34], spatial279
resolution is defined by280

1x =
c × Tpulse

2n
, (5)

where Tpulse is the optical pulse duration, c the speed of light in281
vacuum, and n the effective group index of the optical fiber. The282
optical pulse duration affects the Brillouin efficiency [34] but also283
the activation gate duration because they are linked by Eq. (2).284
Both phenomena alter the signal-to-noise ratio (SNR), the former285
because it modifies the BAS signal, and the latter because it affects286
the noise. Indeed, the duration upon which the SPAD detector287
is activated has an impact on the measurement noise that results288
from the optical noise of the experimental setup and the dark count289
rate, which is a property of the SPAD detector. As a consequence,290
one must also consider the SNR when investigating the spatial291
resolution. The SNR writes292

SNR= 10× log10

(
ηSPAD × Nphot/s + Nnoise

Nnoise

)
, (6)

where the noise detection rate’s Nnoise main contributions are the293
dark count rate and the amplified spontaneous emission (ASE)294
coming from the SOA and coupled through the circulator with an295
isolation of 62 dB. To calculate the SNR, we made measurement296
of the Brillouin efficiency with optical pulses ranging from 10297
to 200 ns and measured dark count rates for the corresponding298
activation gates. Using Eqs. (3), (5), and (6) we then calculated the299
spatial resolution for the maximum achievable range providing300
a minimum SNR of 1 dB. The result is shown in red in Fig. 6.301
By increasing the spatial resolution, the detection range can be302
extended while maintaining the SNR at 1 dB, because more pho-303
tons are injected into the optical fiber with longer Tpulse. The figure304
shows how a ν-BOTDR can be configured to favor the maximum305
range over spatial resolution or the other way around.306

The maximum performance of ν-BOTDR has not yet been307
reached. One of the limitations of our setup is that the power308
injected is limited to 13.6 dBm, which corresponds to the maxi-309
mum output power achievable with an extinction ratio of 68.2 dB.310
Indeed, the ν-BOTDR technique needs a high extinction ratio to311
prevent the continuous background noise between each optical312
pulse from degrading the photon counter readings as it passes313
through the circulator (C1). To improve the performance of our314
ν-BOTDR, a higher peak power for optical pulses is desirable.315
However, distributed sensors based on Brillouin scattering are316
limited by maximum peak power and background noise to avoid317
modulation instability and pump depletion. In particular, it is318
commonly accepted that 200 mW is the limit to avoid a nonlinear319
detrimental effect [35,36] and that ASE filtering is required.320

The second limitation is due to the detection system. The321
SPAD efficiency in this study is 20%, with a DCR of 0.06 cps. For322
commercial SPADs, improving efficiency will degrade the DCR323
and, consequently, the SNR of the detection system. Thanks to324
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Fig. 6. Comparison between the actual configuration (red) and the
simulated ν-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 325
have been explored to increase the activation frequency of SPADs 326
[37,38], and detectors with a reduced after-pulsing probability 327
[39] and also superconducting nanowire single-photon detectors 328
(SNSPDs) have emerged. SNSPDSs offer greater efficiency, up to 329
80% with a DCR estimated at less than 0.01 cps [40]. This new 330
technology offers the possibility to improve the SNR by 20 dB, 331
thanks to a lower DCR and a higher efficiency. 332

Combining the increased power of optical pulses with the state 333
of the art of single-photon detection counters, we find as shown in 334
black in Fig. 6 that ν-BOTDR would achieve total ranges in excess 335
of 200 km with sub-10 m resolution. 336

5. CONCLUSIONS 337

We have demonstrated a Brillouin optical reflectometer with 338
long range, high signal-to-noise ratio, and short measurement 339
time. Using multiple gates per cycle to trigger the SPAD detector 340
considerably reduces acquisition time. We have confirmed this 341
multi-gating approach experimentally by demonstrating a hot-spot 342
measurement at 125 km with a spatial resolution of 20 m and an 343
acquisition time of less than 3 h. These measurements are in good 344
agreement with theory, which shows no distortion despite the fact 345
that SPADs are used in gated mode with a sub-dead time pulse 346
delay. This is due to the low probability of subsequent detections 347
at distances greater than 100 km. As a result, a significant reduc- 348
tion in measurement time is achieved while maintaining good 349
performance in terms of range, spatial resolution, and SNR. We 350
also showed that the saving in measurement time can be devoted 351
to improving temperature sensitivity. In addition, we have demon- 352
strated a ν-BOTDR measurement over a distance of 150 km and 353
a temperature measurement at 125 km without optical amplifi- 354
cation along a standard single-mode fiber, surpassing the state of 355
the art. 356

Finally, we are paving the way for the ν-BOTDR to exceed 357
200 km by optimizing the pump power while maintaining an 358
excellent extinction ratio, and improving the efficiency of the 359
detector [41]. The multi-gating could be applied to all photon- 360
counting technology measurements involving low-flux signals, 361
such as medical imaging or spectroscopy. 362
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