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A direct-detection Brillouin optical time-domain reﬂectometry (BOTDR) using an up-conversion photoncounting detector and an all-ﬁber structure Fabry–Perot scanning interferometer is demonstrated with
shot-noise limited performance. Taking advantage of ultra-low noise equivalent power of the up-conversion photon-counting detector and high spectral resolution of the interferometer, the Brillouin spectra
along a polarization maintaining ﬁber (PMF) are analyzed in the optical frequency domain directly. In
contrast with heterodyne BOTDR, photon-counting BOTDR has better EM compatibility and faster speed
in data processing. In experiments, using peak input power of 20 dBm, temperature proﬁle along a 9 km
PMF is retrieved according to the Brillouin shifts, with spatial/temporal resolution of 2 m/15 s. The
precision is 0.7 °C at the leading end and 1.2 °C at the trailing end.
& 2016 Elsevier B.V. All rights reserved.
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1. Introduction
For over two decades, distributed optical ﬁber sensors based on
Brillouin scattering has attracted intensive interests, because it not
only inherits features from common ﬁber sensors, such as durability, stability, small size, but also permits simultaneous temperature and stain detection in large infrastructures, aerospace
industry, and geotechnical engineering [1].
These Brillouin-based distributed optical ﬁber sensors can
mainly be divided into two types: the Brillouin optical time-domain analyzer (BOTDA) and Brillouin optical time-domain reﬂectometer (BOTDR). In the ﬁrst type (BOTDA), a pulsed pump
light is launched at one end of an optical ﬁber and interacts with
the counterpropagating CW probe light injected from the other
end. The probe light at Stokes (anti-Stokes) frequency is ampliﬁed
(attenuated) by the pump light through the Brillouin gain (loss)
process. By measuring the time dependent CW signal over a wide
range of frequency difference between the pump and the probe,
the Brillouin spectrum at each ﬁber location could be analyzed. To
n
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increase the sensing length, the Brillouin loss regime is investigated rather than the gain regime [2]. In the second type
(BOTDR), a pulsed light is launched into only one end of an optical
ﬁber, and Brillouin backscattering is mixed with a reference light
and heterodyne detection is performed at the optical coherent
receiver. The Brillouin spectrum at any position along the optical
ﬁber is measured by scanning the frequency difference between
the local oscillation and the probe pulse [3]. The Stokes Brillouin
signal is usually measured in BOTDR, since its power is generally
higher than the anti-Stokes Brillouin signal [4].
Despite extensive research has been dedicated to improve the
performance of Brillouin-based distributed optical ﬁber sensors,
there are still some inherent drawbacks of the two mentioned
popular techniques. As pointed out in the published works [5,6],
BOTDA is best reserved for monitoring single large disturbance,
which induces a Brillouin frequency shift greater than the Brillouin
linewidth. Otherwise, the Brillouin gain spectrum at a speciﬁc
point, from which one retrieves the temperature and strain values,
is inﬂuenced by potential transfer of power between the pulsed
pump light and the counterpropagating CW probe light along the
ﬁber from the point where the pulse enters and the point under
estimation. Fortunately, BOTDR overcomes this problem. But the
traditional coherent detection scheme performed in the electrical
domain results in a data-processing burden [7]. Furthermore,
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coherent BOTDR usually works at the VHF (radio frequency from
30 MHz to 300 MHz), bringing out the EM compatible problem, for
example, in the aircraft/spacecraft structural health and usage
monitoring [8]. To resolve these challenges, a photon-counting
BOTDR is proposed, which analyzes the Brillouin gain spectrum
directly in the optical frequency domain. We noticed that distributed Brillouin sensors have been demonstrated by using a
single-photon detector [9,10]. In the Rayleigh scattering BOTDA
[9], to scan the Brillouin spectra along the ﬁber under test, a
tunable high frequency microwave generator (about 10.8 GHz) is
used to modulate the EOM, making the system sophisticated in
electrical manipulation and sensitive to the EM interference. In the
distributed Brillouin temperature sensor using a single-photon
detector [10], only the intensity change of the Brillouin backscatter
is monitored. In this paper, the Brillouin spectra along the ﬁber
under test are scanned and reconstructed by using a high-resolution Fabry–Perot interferometer. At each distributed point, the
whole information of the Brillouin spectrum: such as the frequency shift, bandwidth broadening, and power change can be
interrogated for simultaneous temperature and strain detection.
As illustrated in Fig. 1, a novel photon-counting BOTDR incorporating up-conversion detector (UCD) and an all-ﬁber structure Fabry–Perot scanning interferometer (FFP-SI) is proposed. The
Brillouin spectra along a sensing ﬁber are reconstructed directly
from multiple backscattering traces collected by scanning the FFPSI at different frequency relative to the Brillouin spectra. Since the
backscattering traces are recorded and averaged on a multiscaler
(multiple-event time digitizer) in photon-counting acquisition
model (2-bit), the data volume is much smaller than the counterpart in coherent case (for example, a 14-bit analog to digital
converter is used for sampling RF signal).
As the detector is considered, InGaAs avalanche photodiode
(APD) is used for 1.5 μm detection usually. But it suffers from low
efﬁciency (about 18%), high dark count rate (a few kilo-counts
per second, cps) due to impurities and defects of the cathode
material [11]. Superconducting single-photon detector (SSPD) at
optical communication band has the advantages of high efﬁciency
( >90% ), ultralow noise ( <1 cps), and low timing jitter ( <100 cps)
[12]. However, the requirement for liquid helium refrigeration
equipment restricts their practical applications in many ﬁelds.
Here, up-conversion technique is adopted to convert the Brillouin
backscattering at 1.5 μm into NIR wavelength at 863 nm, which
allows using Si APD instead of InGaAs APD with much better
photon-counting characteristics, such as higher quantum

efﬁciency, lower dark count rate and less afterpulsing probability.

2. System
In the prototype system, the continuous wave from a seed laser
(Keyopsys, PEFL-EOLA) is chopped into a pulse train after passing
through an electro-optic intensity modulator (EOM) (Photline,
MXER-LN-40 dB). The EOM is driven by an arbitrary waveform
generator (Tektronix, AFG3102C), which determines the shape of
the laser pulse and its repetition rate. The weak laser pulse is fed
to a polarization maintaining EDFA (Amonics, AEDFA-PA-35),
which deliver a pulse train with peak power of 20 dBm. The ampliﬁed spontaneous emission is ﬁltered by using a ﬁber Bragg
grating (FBG1) in conjunction with a circulator (C1).
Since the FFP-SI is a polarization sensitive device, a polarization
maintaining ﬁber (PMF) is used instead of a single-mode ﬁber to
mitigate the polarization fading problem. The backscattering signal along the PMF is coupled into the FFP-SI via the second circulator (C2). An ultra-narrow FBG2 in conjunction with the third
circulator (C3) is used to pick out the Brillouin signal against the
strong Rayleigh signal component. To guarantee the system stability, the FFP-SI is cased in a temperature-controlled chamber.
As shown in Fig. 1, the continuous wave from the pump laser at
1950 nm is followed by a thulium-doped ﬁber ampliﬁer, both
manufactured by the AdValue Photonics (Tucson, AZ). The residual
ASE noise is suppressed by using a 1.55/1.95 μm wavelength division multiplexer (WDM1). The Brillouin backscattering from the
sensing ﬁber and the pump laser are combined into a self-made
periodically poled lithium niobate waveguide (PPLN-W) via the
second WDM2.
The so-called optimized quasi-phase matching condition is
achieved by tuning the temperature of the PPLN-W, using a thermoelectric cooler [13]. The backscattering photons at 1548 nm are
converted into sum-frequency photons at 863 nm and then picked
out from the pump and spurious noise by using a series of ﬁlters,
including a dichroic mirror, a short-pass ﬁlter (945 nm), a longpass ﬁlter (785 nm) and a band-pass ﬁlter (863 nm) in cascade.
Finally, the photons at 863 nm are focused onto a Si APD (EXCELITAS, SPCM-AQRH-16). The TTL signal corresponding to the
photons received is recorded on a multiscaler (FAST ComTec,
MCS6A) and then transferred to a computer. In this work, by adjusting the pump power, the system detection efﬁciency of the
UCD is tuned to 15%, with a dark noise level of 40 counts
per second (cps), providing a noise equivalent power (NEP) about
8 × 10−18 WHz−1/2 , which is one order lower than the value of
Geiger-mode InGaAs/InP APD [14]. For reader's convenience, key
parameters of the system are listed in Table 1.

3. Principle
The interaction between probe pulse and acoustic phonons
generates Brillouin backscattering in an optical ﬁber. The phonons
decay exponentially, so the Brillouin spectrum is Lorentzian in
peak-normalized form [5]:

gB (v) = g0 /[1 + (v − vB )2]/(ΔvB + ΔvL )2
Fig. 1. System layout. EOM, electro-optic modulator; AWG, arbitrary waveform
generator; EDFA, erbium doped ﬁber ampliﬁer; C, circulator; PC, polarization
controller; TCC, temperature controlled chamber; FFP-SI, ﬁber Fabry–Perot scanning interferometer; FBG, ﬁber Bragg grating; TDFA, thulium doped ﬁber ampliﬁer;
WDM, wavelength division multiplexer; SMF, single mode ﬁber; TEC, thermoelectric cooler; DM, dichroic mirror; SPF, short-pass ﬁlter; LPF, long-pass ﬁlter; and
BPF, band-pass ﬁlter.

(1)

where, within a limited dynamic range, ΔvB and vB are demonstrated as linear functions of strain and temperature changes, respectively. ΔvL = 0.44/Δt is the FWHM of a unchirped Gaussian
pulse. Δt is the duration of the probe pulse, which determines the
spatial resolution by Δz = vΔt/2, v is the group velocity of the
lightwave in the sensing ﬁber.
The FFP-SI is fabricated with single-mode ﬁber with a
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of the Brillouin signal through the FFP-SI is a convolution of Eqs.
(1) and (2), yields,

Table 1
Key parameters of the system.
Parameter

Value

Pulsed laser
Wavelength (nm)
Pulse duration (ns)
Peak power (mW)
Pulse repetition rate (kHz)

1548.1
25.6
100
10

Pump laser
Wavelength (nm)
Power (mW)

1950
300

FFP-SI
Free spectrum range (GHz)
Full width at half-maximum (MHz)
Insert loss (dB)

4.02
93.5
2.25

PPLN waveguide
QPM period (m)
Length (mm)
FWHM (nm)
Insert loss (dB)

20
52
0.3
1.4

Si: APD
Detection efﬁciency at 863 nm (%)
Dark count (Hz)
Maximum count rate (MHz)

45
9
43

T (vR ) = T0/[1 + vR2/(ΔvB + ΔvL + ΔvFPI )/2]2 ,

(3)

where vR is deﬁned as the relative frequency of the FFP-SI to the
Brillouin frequency center. Eq. (3) indicates that, once the transmission curve is obtained, the Brillouin frequency shift, power, and
bandwidth can be retrieved simultaneously.
As free-run photon-counting acquisition is adopted, and backscattering traces are time-gated and averaged for N independent
shot times on the multiscaler, the optical signal to noise ratio is
[16]

SNR =

⎛ η
⎞
η
p(z, vR )N Δt /⎜
p(z, vR )N Δt + DN Δt ⎟,
hv0
⎝ hv0
⎠

(4)

where z is the distance along the sense ﬁber, η is the quantum
efﬁciency, h is the Planck constant, v0 is the optical frequency of
the signal, and Δt is the bin width of the multiscaler, which is set
equal to the duration of the probe pulse, D is the dark count rate,
p(z, vR ) is the backscattering optical power from distance of z along
the 9 km ﬁber for a single pulse [5]:

p(z, vR ) = p0 RBT (vR )exp( − 2az ),

(5)

where p0 is the peak power of the probe pulse, RB = SαBvΔt/2 is the
Brillouin backscattering factor, αB = 7.1 × 10−30 /λ 4 is the Brillouin
scattering coefﬁcient at room temperature, S is the backscattering
recapture factor given by (λ /πnw )2 /4 , w = 4.5 μm is the mode ﬁeld
radius of the ﬁber n¼ 1.453 is the reﬂective index of the ﬁber core,
a = adB /4343 is the ﬁber loss, where adB = 0.3 dB/km in this work.
Using the system parameters listed in Table 1, one can estimate
the signal power p(9000, 0) = 7.9 × 10−11 W . Given the energy of
single photon
E0 = hv0 = 1.28 × 10−19 J , one can see that,
ηp(z, 0) /hv0⪢D is satisﬁed along the whole 9 km sensing ﬁber. By
assuming SNR ¼1, one can calculate the minimum detectable
power (MDP) from Eq. (4), as

pd = hv0[1 + (1 + 4DN Δt )1/2]/2ηN Δt

(6)

Using system parameters D = 40 cps and Δt = 20 ns, the photon-counting MDP for single-pulse detection is calculated as

pd = hv0/ηΔt .

(7)

A point worth emphasizing is that the above expression is
exactly as the same as the ideal heterodyne MDP described as

pd′ = hv0B/η,

Fig. 2. Calibration of the ﬁber Fabry–Perot interferometer: transmission recorded
on an oscilloscope as function of (a) the increasing voltage and (b) the decreasing
voltage. (c) Measured hysteresis loop of the PZT.

divergence negligible in the cavity, thus its transmission is approximated to a Lorentzian function [15]:

h(v) = T0/[1 + v2/(ΔvFPI )2],

(8)

where B = 1/Δt is deﬁned as the bandwidth of the heterodyne
receiver. The most valuable feature of photon-counting BOTDR is
related to the potential for noiseless detection, through using detectors with low-noise and high quantum efﬁciency, according to
Eq. (7). Whereas, for coherent BOTDR, shot-noise of local oscillator
always exists, even in the absence of Brillouin backscatter. In other
words, the up-conversion photon-counting detector can detect
weak signals as low as the heterodyne detector. However, it is
worth to mention that, APD based photon-counting detection is
inferior to PIN diode based heterodyne detection at stronger signal
powers. Thus, to achieve photon-counting BOTDR over long distance (∼100 km), the peak power of the probe pulse needs to be
enhanced to maintain an adequate SNR in the far end, while the
near-ﬁeld backscattering must be attenuated to avoid saturation
due to the limited maximum count rate.

(2)
4. Experiment

where T0 = 59.6% is the peak transmission in this work, ΔvFPI is the
FWHM of the transfer function. Finally, the transmission function

The great challenge of this work is to manufacture and control
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Fig. 3. (a) Brillouin spectra of unstrained PMF when the probe pulse lunched from the leading end. (b) Zoom-in image of (a) from 0 to 0.2 km. (c) Brillouin spectra when the
probe pulse lunched from the trailing end. (d) Zoom-in image of (c) from 8.8 to 9 km.

Fig. 4. Nonlinear ﬁtting of the raw data to Lorentz functions at different ranges. Residuals are relative to the peaks.

the FFP-SI with high resolution and high stability transmission. We
have experiences in using free-space Fabry–Perot interferometers
for temperature lidar and Doppler wind lidars [17–19]. To eliminate the parallelism error of the reﬂecting mirrors during the

cavity scanning and the mode-dependent spectral broadening due
to its illuminating condition, sophisticated electrical and optical
techniques are required. In this work, to conquer these drawbacks,
a lensless, plane Fabry–Perot interferometer is developed. The
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Fig. 5. Measured temperature proﬁles along the ﬁber, with standard deviation labeled in each section.

cavity is formed by two highly reﬂective multilayer mirrors that
are deposited directly onto two carefully aligned optical ﬁber ends
[20]. Frequency scanning of the FFP-SI is achieved by scanning the
cavity length, as we introduced in detail in the Doppler wind lidar
[19]. Here, only one piece of stacked piezoelectric transducer (PZT)
is used to axially strain a short length of single-mode ﬁber that
inserted in the cavity. The anti-reﬂection coated ﬁber inserted in
the cavity provides conﬁned light-guiding and eliminates secondary cavity.
One problem must be considered before the detection is the
hysteresis introduced by the PZT. Fortunately, it is a repeatable
phenomenon, which can be calibrated in the initialization process.
As shown in Fig. 2, by changing the voltage (1 mV resolution, 1 μv
accuracy) fed to the PZT, the transmission curve for a monochromatic CW laser over 7 interference orders are recorded using an
oscilloscope on the up-cycle (increasing voltage) and on the downcycle (decreasing voltage). The voltage values corresponding to
every transmission peak is searched and tagged, as shown in Fig. 2.
In the frequency domain, the transmission of an FPI is periodic
with a constant free spectral range (FSR). In the calibration process, a broadband light from an ampliﬁed spontaneous emission
(ASE) source is fed to the FFP-SI without voltage added to the PZT.
The FSR can be read out as 4.02 GHz from an optical spectrum
analyzer (YOKOGAWA, AQ6370C) directly. Then, the peak voltage
values on either up or down cycle of the scanning can be mapped
into the frequency domain, as shown in Fig. 2(c). Nonlinear data
ﬁtting of the peak values on the up cycle and the down cycle to a
3-order polynomial function, respectively, forms the hysteresis
loop of the PZT. Finally, the inherently non-linear cavity scanning
due to hysteresis can be compensated in the data processing.
Thanks to the ultra-narrow passband (8 pm) and high sideband
suppression (35 dB) of the temperature tunable FBG2, the antiStokes Brillouin spectra along the PMF is picked out for temperature detection in the following experiments. The Brillouin spectra
are scanned over 720 MHz with a sampling interval of 24 MHz per
stage. At each sampling stage, the backscattering signal is accumulated over 0.5 s along the sensing ﬁber and gated in different
range bins. The whole data acquisition time, i.e., the temporal
resolution is 15 s.
As shown in Fig. 1, the probe pulse is injected from point (a) at
the leading end in the ﬁrst experiment. There are four sections of
PMFs (YOFC, PM1047-C) in cascade, passing through different
chambers set at different temperatures. The experiment results are
plotted in Fig. 3(a), with a zoom-in image shown as Fig. 3(b).
Changes in the Brillouin spectra due to temperature differences
are observed apparently. To investigate the new technique quantitatively, the probe pulse is lunched into the sensing ﬁber from
the trailing end (point (b)) in the second experiment. The recorded

spectra are plotted in Fig. 3(c), also with a zoom-in image shown
as Fig. 3(d). Due to the round-trip attenuation of the 9 km ﬁber,
the signal-to-noise ratio in Fig. 3(d) is about 6 dB lower than that
in Fig. 3(b).
In a calibration process, the temperature coefﬁcients of frequency shift and power change are measured to be
a1 = 1.46 MHz/°C and a2 = 0.63%/°C . Then the frequency shift and
power ﬂuctuation due to temperature can be retrieved by nonlinear ﬁtting of the raw data to a Lorentz function with a Levenberg–Marquardt method. Nonlinear ﬁtting results with residuals at
different ﬁber locations are shown as examples in Fig. 4.
Finally, the temperature values in both Fig. 3(b) and (d) are
retrieved according to the frequency shift of the Brillouin spectra.
The measured temperature values are plotted in Fig. 5, with
standard deviation estimated in each section. The precision of
temperature detection is about 0.7 °C at the leading end and 1.2 °C
at the trailing end.

5. Conclusion
We demonstrated a direct-detection BOTDR based on an upconversion photon-counting detector and a scanning Fabry–Perot
interferometer with all-ﬁber structure. The Brillouin gain spectra
along a 9 km polarization maintaining ﬁber are analyzed in the
optical domain directly. Similar to the heterodyne BOTDR, photoncounting BOTDR can also achieve a shot-noise limited detection of
the weak Brillouin backscattering from the sensing ﬁber. Obviously, the data volume of photon-counting BOTDR is smaller
than that in the heterodyne BOTDR, shortening the time costed in
data transferring and processing.
In developing the next generation up-conversion photoncounting detector, we will continue to enhance the detection efﬁciency and suppress the dark count rate. And we point out that,
using up-conversion technique [13] and edge technique [19], one
can realize distributed dynamic strain detection, since no timeconsuming frequency scanning is needed anymore.
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