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Abstract: We present a Raman distributed temperature sensor based on standard telecom single
mode fibers and efficient polarization-independent superconducting nanowire single photon
detectors. Our device shows 3 cm and 1.5 °C resolution on a 5 m fiber upon one minute integration.
We show that spatial resolution is limited by the laser pulse width and not by the detection
system. Moreover, for long fibers the minimum distance for a measurable temperature step
change increases of around 4 cm per km length, because of chromatic dispersion at the Stokes
and Anti-Stokes wavelengths. Temperature resolution is mainly affected by the drop in the laser
repetition rate when long fibers are tested. On a 500 m fiber, a trade-off of 10 cm and 8 °C
resolution is achieved with 3 minutes integration. Fiber-based distributed temperature sensing,
combining centimetric spatial resolution with hundreds of meters sensing range, could pave
the way for a new kind of applications, such as 2D and 3D temperature mapping of complex
electronic devices, particles detectors, cryogenic and aerospace instrumentation.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Distributed temperature sensing is a technology enabling the real-time measurement of the
continuous profile of the temperature along an optical fiber. Nowadays, this technology represents
a valid alternative to the installation of localized point sensors and is successfully deployed for
many industrial applications, such as oil and gas production, power cable and transmission line
monitoring, fire detection in tunnels, as well as for ecological monitoring, such as groundwater
source detection, temperature profiling in mine shafts and over water basins.

To achieve temperature sensing over long distances, most distributed temperature sensors
(DTSs) use Optical Time-Domain Reflectometry (OTDR), which consists in sending optical
pulses into a fiber and analyzing the backscattered light [1]. With respect to the standard OTDR
technique, distributed temperature sensing exploits the spectral components of the back-scattered
light that are sensitive to temperature. Indeed, the spectrum of the back-scattered light mainly
consists in the Rayleigh band, based on photons with the same energy of the input light, in
sidebands originated by Brillouin scattering, and in large bands corresponding to Stokes (S) and
Anti-Stokes (AS) Raman scattering, showing an energy shift with respect to the input energy.
This shift is related to the energy associated to the optical phonon which photons interact with in
the fiber cable. The intensity of Raman bands, particularly the AS one, depends on temperature.
In a Raman DTS (RDTS) these signals are combined to obtain the profile of the temperature all
along a fiber under test (FUT) [2].

RDTSs based on OTDR can easily operate over km sensing distances. Most of the devices
reported in literature use multimode fibers to compensate the weak Raman backscattered signal
and increase the collection of backscattered photons. However, because of modal dispersion, the
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sensing range of this kind of RDTS is limited to 10-20 km for a spatial resolution of around 1 m
and a temperature resolution between 1 and 5 °C [3,4,5,6]. Longer distances have been achieved
by using low-losses single mode (SM) telecom fibers [7]. However, most existing OTDR-based
DTSs do not achieve spatial resolution better than 1 meter. In fact, even when SM fibers are
used, the spatial resolution of a DTS is limited by the response function of the detection system:
most DTSs that are commercially available or reported in literature use avalanche photodiode
detectors (APDs) in a linear amplification regime with limited timing resolution.

This limitation can be overcome by using superconducting single photon nanowire detectors
(SNSPDs) [8,9]. These detectors provide several advantages for a DTS: they typically have low
timing jitter (few tens of ps), high broadband efficiency, low dark count rate, and free running
operation, providing high spatial resolution, high sensitivity with reduction of measurement
times, similar efficiency for S and AS signals, as well as no segmentation of OTDR measurements.
SNSPDs can be used for temperature sensing via the use of the photon counting OTDR technique
[10], where time-correlations between the launch of a laser pulse and the detection of backscattered
photons at the SNSPDs are measured. By using SNSPDs with around 65 ps jitter, Dyer et al
have shown for the first time a spatial resolution at the cm scale for temperature sensing in
standard SM telecom fibers [11]. This result was obtained on a 2.8 m fiber via a setup based on
erbium doped amplifiers (EDFAs) to compensate the low efficiency of the adopted SNSPSDs.
Polarization diversity receivers were needed to compensate the polarization sensitivity of the
detectors. A temperature accuracy of less than 1 °C with an integration time of some seconds has
been obtained by Vo et al via SNSPD detectors [12]. These results have been obtained with a 2.7
m multimode chalcogenide fiber with a Raman gain coefficient two orders of magnitude larger
than that of a silica fiber. In the two afore-mentioned cases, extending the short sensing range
to km distances would not be obvious, because of detection inefficiency in [11] and unfeasible
hundreds of meters long chalcogenide fibers in [12]. These constraints strongly limit the variety
of applications that could take advantage from a DTS with centimetric spatial resolution.

In this work, we expand the potential of high spatial resolution Raman distributed temperature
sensing technology by using efficient polarization insensitive SNSPDs: these detectors allow to
make a RDTS with a simple optical configuration and achieve a centimetric spatial resolution on
hundreds of meters sensing range with short integration times. This could open the way for a
new kind of applications, such as 2D and 3D mapping of temperature at centimetric scale of
complex electronic, mechanic, cryogenic, and aerospace devices.

2. Methods

As shown in Fig. 1(a), a time to digital controller (TDC) (IdQuantique, ID900 Time Controller)
is used to trigger a diode laser (PicoQuant, LDH-P-C-N-1550) to emit pulses at 1548 nm, with
1.5 nm bandwidth full width at half maximum (FWHM), between 50 to 250 ps duration, and
around 100 mW peak power. After passing through a 13 nm band-pass filter to reduce Rayleigh
noise originated by tails in the laser spectrum, optical pulses are sent into a SM telecom FUT.
A standard calorimeter is used to warm up portions of the FUT of the order of 1 m, whereas
a custom-made electronic heating system has been developed to warm up localized zones in
the FUT of 1 cm length. A circulator deviates the back-scattered light to a Raman WDM-based
module (OfLink, RWDMM-456-SM-L-10-FA), separating with a 20 nm spectral window the
light at 1450 nm (AS signal, 0.48 insertion loss, 62 dB isolation) from that at 1660 nm (S signal,
0.73 insertion loss, 62 dB isolation). The AS and the S signals are detected by two SNSPDs
(ID Quantique, ID281), based on a thin film of amorphous MoSi and mounted in a sorption
cryostat working at 0.8 K [13]. The SNSPDs have a detection efficiency in the range of 60 to
70%, a jitter of ∼30 to 50 ps and a dark count rate of less than 100 counts per second. Single
photon response voltages from SNSPDs are amplified and used as STOP signals for the TDC
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[13]. Importantly, the detectors operate in a latch-free manner and are therefore insensitive to
strong back reflections that could disable them or disrupt their free-running operation.

Fig. 1. a) Sketch of the RDTS with centimetric spatial resolution. A Time-to-Digital
Controller (TDC), equipped with timed-output signals, triggers a laser, emitting pulses
at 1548 nm, which are filtered by a band-pass filter (BPF) and injected via a circulator
into a fiber under test (FUT). A 1 cm hot zone on the FUT is produced by an electronic
heating source. Back-scattered light is sent to a Raman filter separating the Anti-Stokes
signal (1450 nm, AS) from the Stokes one (1660 nm, S). Each Raman signal is then detected
by a superconducting nanowire single photon detector (SNSPD). b) A scanning electron
microscope (SEM) image showing the spiral geometry of the superconducting nanowire of
the polarization independent SNSPDs.

The Raman backscattered light does not have in general a defined polarization. Indeed, the
polarization of the pump laser changes with position in the sensing fiber because of the varying
birefringence and the polarization-dependent Raman gain [14]. In our case, the adopted SNSPDs
are polarization insensitive, as the superconducting nanowire has a spiral geometry (Fig. 1(b)).
In addition, all other optical components of the RDTS are polarization independent. We have
measured a 2% variation of the detected signal by varying the polarization of the pulses at the
input of the FUT. These properties make our RDTS rather insensitive to polarization.

3. Working principle of the RDTS

The number of S and AS photons Ii ( with i = S, AS) detected per second at a position x in the
FUT is given by

Ii(x) = ηi∆fiPoDLgRNi(T)e−αPxe−αix + DCi, (1)

where ηi is a coefficient including the transmission through the optical components (circulator
and Raman module) as well as the SNSPD detection efficiency, ∆fi the bandwidth of the S and
AS filters, Po the peak pump power, D the duty cycle of the pump beam, L the length of the FUT,
gR the Raman gain coefficient (of the order of 1 W−1 km−1 [15]), αP and αi the fiber attenuations
per unit length at the pump and Raman wavelengths respectively, and DCi the dark count rate of
the two detectors. Ni(T) is the phonon population at temperature T, which can be described by
the Bose-Einstein distribution via the equations

NAS(T) =
1

e
ℏΩAS,p

kBT − 1
, (2)

NS(T) =
1

e
ℏΩS,p

kBT − 1
+ 1 , (3)

where ℏ is the reduced Planck constant, ΩAS,p and ΩS,p are the spectral detunings between the
pump and the AS and S frequencies, respectively, and kB is the Boltzmann constant [11]. By
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assuming that the spectral detuning is frequency independent (ΩAS,p = ΩS,p = Ω), the ratio of
the AS to the S signal, after subtraction of their corresponding dark count rates, is given by

IAS(x) − DCAS

IS(x) − DCS
= C1e−

ℏΩ
kBT + C2, (4)

where C1 and C2 are two calibration constants. In the Eq. (4) we have made the approximation
e(αS−αAS)x ≈ 1, justified by the small difference between the attenuation losses at the AS and S
wavelengths (αAS = 0.225 dB km−1 and αS = 0.210 dB km−1) [16] and a 500 m maximum fiber
length. The constant C1 includes all transmission losses as well as detection efficiencies along
the AS and S channels. Precisely, if one considers the same Raman gain coefficient and filtering
bandwidth at the AS and S wavelengths, C1 corresponds to the ratio of ηAS to ηS. In contrast, C2
is added to Eq. (4) to take into account the Rayleigh noise, as well as the deviation from the value
of spectral Raman detuning Ω= 13 THz reported in literature for silica fibers [17,18,19]. By
using Eq. (4), one can calculate the temperature at a position x of the FUT as

T(x) = −
ℏΩ

kB ln
(︃ IAS(x)−DCAS

IS(x)−DCS
−C2

C1

)︃ , (5)

Calibration measurements at known temperatures are needed to determine the values of the
constants C1 and C2. Therefore, our RDTS works as a secondary thermometer, as it relies on the
measurement of fixed temperatures obtained from another primary thermometer.

4. Results

4.1. Calibration

In Fig. 2(a) we show the OTDR traces obtained after 1 minute integration of S and AS signals
backscattered from a SM FUT of 5 m length. For these measurements, laser pulses have around
95 mW peak power. Losses of 0.2 dB at the input of the fiber are due to the input FUT connector.
A portion of around 1 m of the fiber has been warmed up to 89 °C. Corresponding to the
heated portion of the fiber, the value of S and AS signals increases with respect to that at room
temperature, indicated by a dashed line. The AS signal turns out to be much more sensitive to
temperature than the S one.

To investigate the effect of temperature on the AS signal, we vary the temperature from 14
to 95 °C with steps of 5 - 10 °C (Fig. 2(b)). The signals at the different temperatures can be
easily discriminated. Interestingly, the signal also decreases for temperatures that are lower than
room temperature (23 °C), as for 14 °C. These measurements are used to calibrate our RDTS. By
linear fitting the values of the ratios IAS(x)−DCAS

IS(x)−DCS
as a function of e−

ℏΩ
kBT , we obtain the values of

the constants C1 = (1.10± 0.01) and C2 = (0.027± 0.001). Notice that only two temperatures are
sufficient to determine the value of the two calibrating parameters. The fact that the value of C1
is larger than 1 shows that losses are slightly more important in the AS channel. The value of C2
is around 3% that of C1. Figure 2(c) shows the agreement between the temperatures measured by
the RDTS and those obtained with the reference thermometer, as the experimental points align
well on the red line indicating the perfect matching. By using standard uncertainty analysis, we
obtain an uncertainty in the temperature measurement between 2 °C and 3 °C with 1 minute
integration. The standard deviation of the values of S and AS signals at the same temperature
are used as their uncertainties. Notice that Dyer et al [11] have reported a similar temperature
uncertainty, but with a system based on EDFA amplifiers, that in our case can been avoided
thanks to the SNSPDs high detection efficiency.
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Fig. 2. Calibration of the RDTS on a 5 m FUT. a) Photon-counting OTDR traces associated
to the Anti-Stokes (AS) and Stokes (S) Raman scattering signal. Corresponding to a
portion of the FUT (around 1 m) which is heated up to 89°C, the value of the AS and
S signals increase with respect to that at room temperature (dashed line). b) AS Raman
signal corresponding to the heated portion of the FUT for different heating temperatures. c)
Temperature values T measured by the RDTS (obtained after determining the calibration
constants) as a function of those measured with the reference thermometer (Tcal). The red
line indicates the perfect matching.

4.2. Spatial resolution

The spatial resolution of a DTS is related to the minimum distance over which a step change
in temperature can be measured. We used two methods to determine the spatial resolution of
the RDTS. The first consists in measuring the width of the temperature profile associated to a
hot zone, i.e., a short heated portion of the FUT. In this case, the measured profile is directly
associated to the convolution of the laser’s pulse width with the response function of the detection
system. The second is the 10-90 method, according to which the spatial resolution of a DTS is
defined as the distance between 10% and 90% of its response to a sharp temperature step change
[20].

As concerns the first approach, we have developed an electronic heating system to warm up
hot zones of 1 cm length in the fiber. The OTDR trace corresponding to this zone incorporates all
contributions that can degrade the spatial resolution, namely the detectors’ jitter τSNSPD, the TDC
timing uncertainty τTDC, as well as the pulse duration τpulse. We assume τSNSPD = 50 ps [13]
and τTDC = 28 ps [21]. The temporal shape of our pulses depends on the power settings of the
diode laser. In the intensity regime used for the measurements described in the previous section,
the pulses have the temporal profile shown in Fig. 3(b), showing a τpulse = 250 ps at FWHM.
With these values we calculate the expected temporal (τhot zone) and spatial spread (∆lhot zone)
associated to the hot zone as

τhot zone =

√︂
τSNSPD2 + τTDC2 + τ1cm2 + τpulse2 ≈ 280 ps , (6)

providing
∆lhot zone =

cτhot zone

2n
≈ 2.8 cm, (7)

where τ1cm is the temporal spread due to the 1 cm hot zone and n is the optical fiber refractive index
at the central wavelength of the laser source. Experimentally, we measure ∆lhot zone = (3.3± 0.3)
cm at FWHM (Fig. 3(a), left box), in quite good agreement with the theoretical expectation. The
main contribution to the measured value is provided by the pulse duration, the response function
of the detection system being negligeable. In Fig. 3 we show the same measurement for lower
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power settings of the laser diode, providing a pulse duration decreasing to around 50 ps (Fig. 3(b)).
The spatial broadening of the hot zone turns out to be sensitive to the pulse width, achieving a
value of (2.4± 0.3) cm at 50 ps FWHM pulse width (Fig. 3(a), right box), and confirming that
the pulse width affects the most the spatial resolution. In this case, the measured ∆lhot zone is
around the double of what we expect with τpulse = 50 ps. This discrepancy is probably due to the
effective heated region in the fiber which could be larger than 1 cm because of heat diffusion.
These results show that the detection system based on SNSPDs does not represent a limiting
factor for the spatial resolution, which, in principle, could achieve the sub-centimeter scale.

Fig. 3. Centimetric spatial resolution of the RDTS. a) RDTS temperature (T) profile
associated to a 1 cm hot zone in a 5 m FUT for three laser pulse widths corresponding to the
indicated peak power values Pp. Data points are fitted with gaussian functions (continuous
curves). b) Temporal profile of the laser pulses at the different peak power values. c)
Rising edge of the RDTS temperature profile with the 5 m, 100 m, 400 m, and 500 m FUT
associated to around 1 m heated portion at the far fibers end. Data points are fitted with a
logistic function (continuous red curves). Dashed lines indicate 10% and 90% of the RDTS
response. Gray regions are those selected for the determination of the spatial resolution. d)
Spatial resolution ∆l10−90 determined with the 10-90 method as a function of FUT length
L. The red dotted line corresponds to the expected change of spatial resolution due to AS
and S chromatic dispersion during back propagation (Eq. (8)).

We also measure the spatial resolution of our RDTS via the 10-90 method. A temperature
step change has been measured in the high peak power regime for the 5 m FUT (Fig. 3(c), first
box). The temperature profile has been fitted with a logistic function. We measured a spatial
resolution of ∆l10−90 = (3.8± 0.1) cm, in good agreement with the measured value of ∆lhot zone,
as the resolution measurable with the 10-90 method provides in principle a value around 20%
larger. Notice that we do not fully exploit the potential of SNSPDs, as their timing jitter could
allow even sub-centimeter resolution. A spatial resolution of 2-3 cm could be in principle
achieved even by free running single photon avalanche detectors (SPADs) with 150–200 ps
timing jitter. However, for a similar dark counts rate (∼100 Hz), SPADs typically have much
lower efficiency (∼20% with respect to ∼70%) and much longer dead-time (∼10 µs with respect
to < 100 ns), providing a dramatic decrease of the Signal-to-Noise ratio (SNR) and, therefore, of
the temperature resolution.
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We adopt the 10-90 method to understand how spatial resolution of the RDTS changes with
the length of the FUT and we test fibers of 100 m, 400 m, and 500 m length that have been
warmed up at their far end. Photon counts are integrated over one minute for the 5 m FUT, and
3 minutes for the other FUT lengths. We observe an increase of ∆l10−90, so a reduction of the
spatial resolution, for an increasing FUT length (Fig. 3(d)). As the SNR of the RDTS traces
gets worse with long fibers, the uncertainty on ∆l10−90 increases with distance. We attribute the
increment in ∆l10−90 to the chromatic dispersion experienced by S and AS pulses during their
back propagation in the FUT, which is non negligible as their bandwidth ∆λAS,S is around 20 nm.
In contrast, dispersion of laser pulses at 1548 nm is negligible as the laser linewidth is around
1.5 nm. Therefore, we expect that the increase in ∆l at a fiber length L can be written as

∆lL − ∆l5m = CDAS,S∆λAS,S
c
n

L , (8)

where ∆l5m is the spatial resolution for the 5 m FUT, and CDAS,S the average chromatic dispersion
at 1450 nm and 1660 nm (∼15 ps nm−1 km−1). In Fig. 3(d) a red dotted line corresponding
to Eq. (8) represents the expected increase in ∆l10−90, which is in good agreement with the
experimental points and their uncertainties. The change in spatial resolution turns out to be
around 4 cm per km length.

4.3. Temperature resolution

The temperature resolution of a DTS is the degree of uncertainty in the temperature information
and strongly depends on the SNR of the OTDR traces, which is affected by many factors, such as
the efficiency of the detectors, the integration time, and the binning size of the photon counts.
We first analyze the SNR of the OTDR traces in combination with spatial averaging of the
measured data, obtained by increasing the binning size. In Fig. 4(a) we show how the SNR value,
calculated as the ratio of the average signal over its standard deviation [10], changes with spatial
data averaging. Error bars get generally larger for long bin sizes as less data are used to calculate
the SNR. We perform the same analysis for 5 m, 100 m, 400 m, and 500 m FUT. Photon counts
are integrated over one minute for the 5 m FUT, and 3 minutes for the other fiber lengths.

In all cases, the SNR increases with a square root dependence on photon counts and achieves
an asymptotic value at around 20 cm bin size. As expected, the SNR mean value decreases as a
function of the FUT length (Fig. 4(b)), mainly because the repetition rate of the laser needs to
be reduced for long fibers. We calculated the expected drop in SNR with respect to the value
obtained for the 5 m FUT. To this end, we use the expression found in [10] for photon counting
OTDR, according to which

SNR =
P
√

t
√︁

f

NEP
√

B
, (9)

where P is the scattered optical power, f the repetition rate of the laser, NEP the SNSPD
noise-equivalent-power, and B the detection bandwidth. We name SNR5m the SNR measured
with a 5 m FUT at a repetition rate f5m. By changing the repetition rate from f5m to fL, which is
the repetition rate at fiber length L, the optical power changes by a factor fL

f5m
P5m. By assuming

that the NEP and B are not altered by the change in repetition rate, the ratio between the SNR at
fiber length L, SNRL, and SNR5m can be written as

SNRL

SNR5m
=

√︃
tL
t5m

(︃
fL
f5m

)︃ 3
2

, (10)

where t5m(L) is the integration time at 5 m (L) fiber length. As shown in Fig. 4(b), the calculated
values of SNR are in quite good agreement with the experimental results.
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Fig. 4. Temperature resolution of the RDTS as a function of spatial averaging and FUT
length. a, b) Mean Signal-to-Noise ratio (SNR) in logarithmic scale as a function of bin
size for different FUT lengths (a) and fiber length L for 5, 10 and 20 cm bin size. Dashed
lines indicate the values at the selected bin sizes. c, d) RDTS temperature resolution ∆T as a
function of bin size (c) and of fiber length L (d). Lines connecting the experimental points
are used to guide the eyes.

We now estimate the temperature resolution of the RDTS by calculating the standard deviation
∆T of a single temperature trace at a certain temperature. In this case we still perform spatial
averaging to understand what can be gained in temperature resolution at the detriment of spatial
resolution. By increasing the binning size, ∆T decreases, so the temperature resolution increases,
and achieves an asymptotic value due to the statistical saturating effect in the SNR. For the 5
m FUT, we measure 1.5 °C temperature resolution with 5 cm bin size and 1 minute integration
(Fig. 4(c)). The high efficiency of the adopted SNSPDs allows to reduce the overall optical losses
with increase of the SNR and to achieve a temperature resolution similar to what is obtained in
[11]. Temperature resolution degrades with fiber length because of reduction of the SNR, due to
the decrease of the laser repetition rate. In Fig. 4(d), we show the temperature resolution for 5,
10 and 20 cm bin size for different fiber lengths. At 500 m fiber length, temperature resolution is
around 8 °C with 10 cm bin size and 3 minutes integration.

5. Conclusions

In this work, we demonstrate a RDTS based on telecom SM fibers and efficient SNSPDs showing
around 3 cm spatial and 1.5 °C temperature resolution on a 5 m FUT with only 1 min integration.
We have shown that spatial resolution is limited by the pulse width and not by the detection
system, so that in principle sub-centimeter spatial resolution could be achieved. The high
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detection efficiency of the adopted SNSPDs allows to strongly simplify the optical setup of
the RDTS, by avoiding the need of EDFA amplification to achieve a high SNR. Thanks to
the spiral geometry of the superconducting nanowire, the adopted SNPSDs are polarization
independent. This property allows to avoid additional optical components in the RDTS, such as
polarization diversity receivers, as well as systematic uncertainties due to polarization. We have
tested our RDTS on fibers up to 500 m length. For long fibers, we have observed that the spatial
resolution decreases in such a way that the minimum distance for a measurable temperature step
change increases of around 4 cm per km length, because of chromatic dispersion of Stokes and
Anti-Stokes photons during their back-propagation in the FUT.

As the repetition rate of the pump laser needs to be lowered for long fibers, the SNR gets worse
at long distances and temperature resolution decreases for short integration times. However,
we measure 10 cm spatial and 8 °C resolution on a 500 m fiber with 3 minutes integration
and confirm the possibility to perform temperature measurements with a spatial resolution at
the cm scale. Some techniques are known to enhance SNR in OTDR at the cost of a certain
complexification of the device. For instance, pseudo-random pulse sequences can be sent into
the FUT, and correlate the backscattered signal to these sequences [22].

In this work, we demonstrate the feasibility of RDTS with centimetric resolution on hundreds
of meters sensing range. These results could pave the way for a new kind of applications that do
not currently adopt distributed temperature sensing. For instance, these performances could be
exploited to map temperature over surfaces and volumes, especially in systems where a dense
network of point sensors is spatially hard to install or where the absence of electromagnetic
interference is highly desirable, such as complex electronic circuits, particle detectors for high
energy physics, cryogenic devices, automotive engines, and aerospace vehicles components such
as airplane wings.
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