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We propose and experimentally demonstrate a novel Raman-based distributed fiber-optics temperature sensor
(RDTS) for improving the temperature measurement accuracy and engineering applicability. The proposed
method is based on double-ended demodulation with a reference temperature and dynamic dispersion difference
compensation method, which can suppress the effect of local external physics perturbation and intermodal
dispersion on temperature demodulation results. Moreover, the system can omit the pre-calibration process
by using the reference temperature before the temperature measurement. The experimental results of dispersion
compensation indicate that the temperature accuracy optimizes from 5.6°C to 1.2°C, and the temperature un-
certainty decreases from 16.8°C to 2.4°C. Moreover, the double-ended configuration can automatically compen-
sate the local external physics perturbation of the sensing fiber, which exhibits a distinctive improvement.
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Distributed fiber temperature sensors exploit specific
optical effects along optical fibers to obtain a spatially
distributed profile of environmental temperature[1–3].
The Raman distributed temperature sensor (RDTS),
based on spontaneous Raman backscattering and optical
domain reflectometry[4], has been studied for many
years. Recently, the RDTS system has been widely
applied in areas such as gas pipeline, smart grids, and
road tunnel for their unique sensing capabilities[5–7].
The temperature demodulation method is a crucial

factor for improving the performance of the RDTS system.
At present, there are two types of temperature demodu-
lation methods, the self-demodulation method and dual-
demodulation method. The self-demodulation method
uses the Raman anti-Stokes backscattered light to
determine the temperature through the sensing optical
fiber[8,9]. The dual-demodulation method uses the ratio
of the backscattered light of anti-Stokes over Rayleigh[10]

or Stokes[11–13] to demodulate the temperature. The above
methods are based on the single-ended configuration for
demodulating the temperature information, which means
that only one end of the sensing fiber is connected to the
RDTS system. However, the single-ended RDTS does not
solve the problem for the temperature measurement error
of RDTS being induced when local external physics
perturbation is applied to the sensing fiber[14].
To decrease the measurement error due to the local

external physics perturbation, the dual-ended configura-
tion RDTS has been proposed[15], and the double-ended
configuration with self-demodulation can demodulate

the temperature along the sensing fiber. But, the self-
demodulation method has a high demand for the stability
of the system[16], which limits the temperature accuracy
and engineering applicability. In addition, the tempera-
ture demodulation methods based on the single-ended
and double-ended configurations must execute the pre-
calibration process. It requires the entire sensing fiber
to be placed in a constant temperature field[11–13,15] or uses
the curve fitting method[17] to compensate the different
attenuation of anti-Stokes and Stokes. Once the RDTS
system replaces any devices or sensing fiber, it needs to
recalibrate before the temperature measurement, which
greatly limits the engineering application of RDTS. More-
over, the intermodal dispersion also causes the dislocation
of Stokes and anti-Stokes light at the same position of the
sensing fiber, which leads to temperature measurement
error in the RDTS.

In this paper, a novel double-ended RDTS system with
a reference temperature and dynamic dispersion difference
compensation method is proposed to improve the temper-
ature accuracy and engineering applicability, which is
available to suppress the fiber intermodal dispersion
and local external physics perturbation. In addition, it
can omit the pre-calibration process by using the reference
temperature before the temperature measurement.

In the RDTS system, a short pulse of light is launched
into the sensing fiber, generating two Raman backscat-
tered components[18], which are measured as a function of
time at the receiver side. While the intensity of the
Raman down-shifted frequency component (Stokes) is
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only slightly temperature-dependent, the intensity of the
up-shifted frequency component (anti-Stokes) strongly
depends on the temperature of the sensing fiber. However,
depending on the fiber attenuation and local loss, the
anti-Stokes signal alone is usually not employed for abso-
lute temperature measurements[16]. Actually, the depend-
ence must be cancelled out by normalizing the anti-Stokes
with a temperature-independent signal such as the Stokes.
Thus, the ratio of anti-Stokes over Stokes intensity can be
used to demodulate the temperature along the sensing
fiber.
In the RDTS system, the backscattered light of Stokes

and anti-Stokes is misaligned at the same position of the
sensing fiber due to the fiber intermodal dispersion[13].
As shown in Fig. 1(a), the Fresnel reflection position of
anti-Stokes light is in front of the Stokes light under
the same sampling interval of the two channels, which
is attributed to the Stokes light transferring faster than
the anti-Stokes light. It inevitably induces the measure-
ment error when the misaligned signals are used to
demodulate the temperature of the sensing fiber. There-
fore, the dynamic dispersion difference compensation
method is proposed for correcting this measurement error.
In this method, a segment of dispersion compensation fi-
ber is placed in the RDTS system. The dispersion compen-
sation fiber is a segment of common multimode fiber that
is fused to the sensing fiber. The dynamic dispersion differ-
ence compensation method is based on the wavelength dif-
ference of Stokes light and anti-Stokes light. We establish
an equation using the position of the dispersion compen-
sation fiber and Fresnel reflection, which can be used to

interpolate the position of Stokes light to match the
anti-Stokes light. The steps of dynamic dispersion differ-
ence compensation method are as follows. (1) Calculating
the positions of the anti-Stokes and Stokes Fresnel reflec-
tion peaks at the end of the fiber, which are expressed as
L2max and L1max, respectively. (2) Locating the positions
of anti-Stokes and Stokes at the dispersion calibration fi-
ber, which can be expressed as L2 and L1, respectively. (3)
The position of the Stokes light is interpolated by using
Eq. (1):

ϕsðLÞ ¼ ϕs

��
L2max − L2

L1max − L1

�
Lþ L2 −

�
L2 − L2max

L1 − L1max

�
L1

�
;

(1)

where ϕsðLÞ is the intensity of the Stokes backscattered
signal at the position of L. The position of the Stokes sig-
nal is consistent with the position of anti-Stokes after
dispersion compensation, as shown in Fig. 1(b), and the
shape of the Stokes signal is not distorted.

The dual-source calibration system[19] and the self-
calibration speed algorithm[20] can also correct the effect
of fiber dispersion on the RDTS. The dual-source calibra-
tion system utilizes two lasers (with a wavelength separa-
tion of 100 nm) to achieve the self-correction of the fiber
dispersion. The self-calibration speed algorithm is used to
calibrate the effect of fiber dispersion on the temperature
demodulation of the RDTS. However, this method needs
to measure the speed of Stokes and anti-Stokes before the
temperature measurement. In this paper, the dynamic
dispersion difference compensation method can establish
an equation that uses the position of the dispersion com-
pensation fiber and Fresnel reflection. It can calibrate the
position of Stokes to match the position of anti-Stokes
light. Compared with the above system, the dynamic
dispersion difference compensation method does not
add any devices to the RDTS, which reduces the cost
of the system. In addition, this method does not require
the calibration process when performing the temperature
measurement.

In addition, the local fiber loss is not constant with time,
since the sensing fiber may be exposed to environmental
conditions that spectrally change the local fiber loss dur-
ing the sensor lifetime[15]. The Raman backscattered inten-
sity in the fiber is not only modulated by the temperature,
but also related to local external physics perturbation.
The traditional RDTS system based on the single-ended
configuration does not consider the effect of local external
physics perturbation on the temperature measurement
results. Hence, significant errors can be induced when
no further calibration is performed.

In order to eliminate this measurement error, the
double-ended RDTS is proposed, which can obtain the
forward and backward Raman backscattered signal, as
shown in Fig. 2. The intensity ratio of Stokes over anti-
Stokes light can be expressed as

Fig. 1. Anti-Stokes and Stokes backscattered signal intensities
(a) before the dispersion compensation and (b) after the
dispersion compensation.
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RBackðT ;LÞ ¼ ϕBack
s

ϕBack
a
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�
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s
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�Z

l

L
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�
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Among them, ϕBack
a and ϕBack

s are the anti-Stokes and
Stokes intensities of the backward direction, and ϕFor

a

and ϕFor
s are the anti-Stokes and Stokes intensities of the

forward direction.Ka andKs are coefficients of anti-Stokes
and Stokes scattering cross sections, respectively, h is the
Planck’s constant, Δv is the Raman frequency shift of
the fiber, k is the Boltzmann constant, T is the measure-
ment temperature, αa and αs are the attenuation coeffi-
cients of anti-Stokes and Stokes, respectively, L is the
position, and l stands for the length of the sensing fiber.
The Raman intensity in the double-ended configuration
RLoopðT ;LÞ can be obtained from the geometric mean of
the normalized single-ended configuration in both forward
and backward directions according to

RLoopðT ;LÞ ¼
����������������������������������������������������
RBackðT ;LÞ·RForðT ;LÞ

p

¼ Ks

Ka

�
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υa

�
4
exp

�
−
hΔv
kT

�

× exp
�Z

l

0
½αaðLÞ− αsðLÞ� dL

�
: (4)

From Eq. (4), it can be seen that the attenuation coef-
ficient

R
l
0½αaðLÞ− αsðLÞ� dL has no relationship with the

position (L) after the forward and backward detection
of the pump light. The influence of local external physics
perturbation on the temperature measurement results can

be eliminated. This is the key difference between the
double-ended configuration RDTS and the single-ended
configuration RDTS.

In order to make the Raman signal only be modulated
by the temperature along the fiber, the demodulation
method needs to calibrate the difference attenuation of
anti-Stokes and Stokes light before the temperature mea-
surement, which limits the engineering application of
RDTS[15,17]. In the double-ended RDTS, we set up a seg-
ment of reference fiber at the front of the sensing fiber,
which can generate a reference temperature. The reference
signal intensity in the double-ended configuration can be
obtained from the geometric mean of the normalized
single-ended system in both forward and backward
directions according to the following formula:

RLoopðT0;L0Þ ¼
������������������������������������������������������������
RBackðT0;L0Þ·RForðT0;L0Þ

p

¼ Ks
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�
υs
υa

�
4
exp

�
−
hΔv
kT 0

�

× exp
�Z

l

0
½αaðLÞ− αsðLÞ�dL

�
: (5)

Using Eqs. (4) and (5), we can get the temperature
demodulation method from Eq. (6). The temperature
along the fiber is only modulated by the Raman signal:

1
T

¼ ln
�
RLoopðT ;LÞ
RLoopðT0;L0Þ

��
−

k
hΔv

�
þ 1
T0

: (6)

The experimental setup shown in Fig. 3 has been used
to validate the proposed method for double-ended RDTS.
A high-power pulsed laser operating at 1550 nm has been
used with a maximum peak power of 30 W, 10 ns pulse
width, and 6 kHz repetition rate. A wavelength division
multiplexer (WDM) is employed to extract the backscat-
tered anti-Stokes and Stokes Raman signal, which is
then measured by the single high-sensitivity receiver
consisting in a low-noise avalanche photodiode (APD),
a trans-impedance amplifier (Amp), and a high-speed data
acquisition card (DAC). In order to measure the temper-
ature along the sensing fiber, the graded-index 62.5/125
multimode fiber with 13 km range has been used. The po-
sition of the reference fiber near the pulsed laser source can
effectively improve the temperature measurement accu-
racy of the RDTS. Considering the influence of Fresnel re-
flection on the front end of the fiber, we place the reference
fiber at the position of 80 m. The fiber under test (FUT)
consists of two sections with the lengths of 15 and 16 m
(FUT 1 and FUT 2). Both sensing fiber ends have been
connected to the RDTS through an optical switch, which
allows the pulses to be alternately sent in both forward
and backward directions. In addition, FUT 1 is also used
as a dispersion calibration fiber in the experiment.

The temperature measurement experiment based on
double-ended RDTS is carried out at room temperature
of 30.0°C. The sensing fiber with the length of 13.0 km

Fig. 2. Anti-Stokes backscattering signal intensity in both
forward and backward directions.
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is used in the experiment. The FUTs are set at a distance
of 3.07 and 11.83 km, respectively. The length of each
FUT is about 15 m. The temperatures of FUTs are con-
trolled by a water bath and are set at 40°C, 45°C, 50°C,
55°C, 60°C, and 65°C. The distributed temperature
results after eliminating the ground noise[13] (with
15,000 time-averaged traces) are shown in Fig. 4. The ac-
tual room temperature fluctuates by 4.2°C during the
measurement time of 180 min. In addition, in the dou-
ble-ended RDTS, the temperature demodulation method
requires the forward and backward Raman backscattered
signal to demodulate the temperature information along
the sensing fiber. Since the signal-to-noise ratio of
single-ended traces decreases along the sensing fiber, the
measurements exhibit worse temperature resolution in the
proximity of both fiber ends compared to in the middle
fiber region[16]. Figure 5 stands for the temperature results

of FUTs at 3.07 and 11.83 km. It can be observed that the
temperature demodulation method based on double-
ended RDTS can accurately detect the temperature along
the 13.0 km sensing fiber. In addition, the double-ended
RDTS with a reference temperature can omit the calibra-
tion process before the temperature measurement.

As shown in Fig. 6(a), a significant temperature rise
peak appears at the beginning of FUTs due to the fiber
dispersion. When the temperature of the FUTs is set at
75.0°C, the maximum measurement temperature of FUTs
can reach up to 89.0°C. The experimental results show
that the temperature measurement accuracy is 13.8°C,
the relative error is 13.9%, and the temperature uncer-
tainty is 16.4°C. These temperature demodulation results
greatly affect the temperature measurement accuracy of
RDTS, which is caused by the misalignment of Stokes
and anti-Stokes signals.

In order to eliminate the misalignment information
caused by fiber dispersion, the Stokes signal needs to be
compensated before the temperature measurement, and
Fig. 6(b) stands for the temperature demodulation results
of FUTs after finishing the dispersion compensation based
on Eq. (1). The experimental results show that the tem-
perature rise peak of the FUT has disappeared, and the

Fig. 3. Experimental setup of double-ended RDTS. WDM,
wavelength division multiplexer; APD, avalanche photodiode;
DAC, high-speed data acquisition card; PC, personal computer.

Fig. 4. Temperature measurement results along the sensing fiber
under the temperature control of (a) 65°C, (b) 60°C, (c) 55°C,
(d) 50°C, (e) 45°C, and (f) 40°C.

Fig. 5. Temperature measurement results along the FUT.

Fig. 6. Temperature measurement results of FUTs. (a) Results
of measured temperature before the dispersion compensation.
(b) Results of measured temperature after the dispersion com-
pensation. (c) The temperature accuracy before the dispersion
compensation and after the dispersion compensation. (d) The
uncertainty of temperature before and after the dispersion
compensation.
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temperature curve has become smoother than that before
dispersion compensation. Figures 6(c) and 6(d) stand for
the temperature measurement accuracy and temperature
uncertainty. Among them, it can be seen that the temper-
ature accuracy optimizes from 5.6°C to 1.2°C, relative
errors decrease from 7.4% to 1.6%, and the temperature
uncertainty optimizes from 16.4°C to 2.4°C.
During the long-term operation of the system, the

single-ended configuration RDTS cannot avoid the mea-
surement error caused by the local external physics pertur-
bation with the environment change. The reason for this
measurement error is that the local fiber loss is inconsis-
tent at the calibration and measurement stages. As shown
in Fig. 7(a), the sensing fiber at the positions of 1.10 and
0.80 km is connected by the fiber-optic–optics connector
after the sensing fiber is calibrated. In the calibration
stage, the intensity ratio of Stokes over anti-Stokes light
can be expressed as

RðTc;LÞ ¼
ϕBack
sc

ϕBack
ac

¼ Ks

Ka

�
υs
υa

�
4
exp

�
−
hΔv
kTc

�

× exp
�Z

L

0
½αaðLÞ− αsðLÞ� dL

�
: (7)

Among them, ϕBack
ac and ϕBack

sc are the anti-Stokes and
Stokes intensities of the backward direction in the calibra-
tion stage. In the measurement stage, the intensity ratio of
Stokes over anti-Stokes light after the fiber-optic–optics
connector can be expressed as

RðT ;LÞ ¼ ϕBack
s

ϕBack
a

¼ Ks

Ka

�
υs
υa

�
4
exp

�
−
hΔv
kT

�
EðLÞ

× exp
�Z

Lþl

0
½αaðLÞ− αsðLÞ� dL

�
: (8)

EðLÞ is the loss mutation coefficient of the sensing
fiber, which is related to local external physics perturba-
tion, and l is the length of the fiber-optic–optics connector.
Using Eqs. (7) and (8), we can get the temperature infor-
mation in

1
T

¼
	
ln½RðT ;LÞ∕RðTc;LÞ�ð−k∕hΔvÞ

×
�
ln½EðLÞ�

Z
l

0
½αaðLÞ− αsðLÞ� dL

�
−1


þ 1
Tc

: (9)

We can see that the Raman signal is not only modulated
by the temperature, but also related to local external
physics perturbation (EðLÞ, R

l
0½αaðLÞ− αsðLÞ� dL). As

shown in Fig. 7(a), it can be observed that the tempera-
ture measurement results based on the single-ended con-
figuration have a large measurement error at a distance of
1.10 km (the fiber-optics connector). The double-ended
RDTS can accurately detect the temperature information
along the sensing fiber, as shown in Fig. 7(b). Therefore,
the double-ended configuration RDTS is more suitable
for temperature monitoring in practical engineering
applications.

These three methods mainly increase the temperature
measurement accuracy and engineering applicability of
the RDTS system. Firstly, the double-ended configuration
can eliminate the influence of local external physics per-
turbation on measurement results, which can improve
the engineering applicability. In addition, the function
of the reference fiber can omit the calibration process
before the temperature measurement (improve the engi-
neering applicability). Finally, the dynamic dispersion dif-
ference compensation method can compensate the fiber
intermodal dispersion for improving the temperature ac-
curacy. Although an optical switch is introduced into
the double-ended RDTS, compared to the single-ended
RDTS, the double-ended RDTS requires twice the length
of the fiber at the same sensing distance.

In conclusion, we propose and experimentally demon-
strate a double-ended RDTS with a reference temperature
to improve the temperature accuracy and engineering
applicability. The double-ended configuration can elimi-
nate local external physics perturbation of the sensing fi-
ber with environmental change. The dynamic dispersion
difference compensation method is used to compensate
the fiber dispersion for improving the temperature accu-
racy. The experimental results indicate that the temper-
ature accuracy optimizes from 5.6°C to 1.2°C, the relative
errors decrease from 7.4% to 1.6%, and the temperature
uncertainty optimizes from 16.8°C to 2.4°C. In addition,
the function of the reference fiber can omit the calibration
process before the temperature measurement. The
proposed method is expected to be a good solution for
the systems that require auto-correction functionality
for improving the performance of RDTS.
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Fig. 7. Temperature demodulation results in (a) the single-
ended configuration system and (b) the double-ended configura-
tion system.
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