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Optical fiber sensing has the potential to overcome weak points of traditional electric sensors. Many types of optical fiber sensors
have been proposed according to the modulation parameter of incident light. We have proposed an optical pulse correlation
sensing system that focuses on the time drift values of the propagating optical pulses to monitor the temperature- or straininduced extension along the optical fiber in the sensing region. In this study, we consider the instability in the optical pulse
correlation sensing system applied to remote monitoring over a kilometer-long distance. We introduce a method to stabilize the
instability of the pulse correlation signal resulting from the time drift fluctuation along a transmission line. By using this method,
we can purify the response and improve the accuracy of signals at the focused sensing regions. We also experimentally demonstrate
remote temperature monitoring over a 30 km-long distance using a remote reference technique, and we estimate the resolution
and the measurable span of the temperature variation as (1.1/L)◦ C and (5.9 × 10/L)◦ C, respectively, where L is the length of the
fiber in the sensing region.

1. Introduction
In recent years, optical fiber sensors have attracted growing
interest for a variety of reasons, including their corrosion
resistance, electromagnetic immunity, long lifetime components, high sensitivity, and multiplexing capability [1–6].
This sensor impresses information onto the light beam in
response to environmental parameters such as temperature
and strain. The information could be impressed in terms
of intensity, phase, wavelength, and time. In the course
of their study, many types of optical fiber sensors have
been proposed, such as in-fiber Bragg grating (FBG) sensors
[7], low-coherence interferometric sensors [8], Fabry-Pérot
sensors [9, 10], Brillouin scattering distributed sensors [11],
and Raman scattering distributed sensors [12]. It has been
expected that the optical fiber sensors would be used for
the monitoring of complicated composite structures because
they are capable of measuring strain and temperature over
several tens of kilometers by accessing only one end of an

optical fiber [13, 14]. Feasibility studies have been performed
by using actual structures, for example, bridges [15–17],
dams [18], marine vehicles [19], and aircrafts [20, 21].
In our laboratory, we have proposed and developed an
optical pulse correlation sensing system in which the sensing
signals are the time drift values of the optical pulses caused
by the temperature- or strain-induced extension along the
optical fiber in the sensing region [22–26]. This sensing
system is not only simple and handy, but also highly accurate
for temperature or strain measurement [24]. It is notable
that our fiber sensor can work as a line sensor, that is, the
time drift caused by the expansion of the optical fiber is
integrated along the sensing region, and the sensing signal is
proportional to the integrated time drift. Thus, we can select
the sensitivity by changing the fiber length in the sensing
region.
Herein, we consider the optical pulse correlation sensing
system applied to remote monitoring over a kilometer-long
distance. For this purpose, a kilometer-long optical fiber is
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used for the transmission line connecting the monitoring
center and the sensing region. In this case, however, a minute
temperature or strain fluctuation around the transmission
line is integrated along the long optical fiber and induces
some instability in the sensing signals, for example, power,
polarization, and time drift fluctuations.
In this paper, we focus on the time drift fluctuations
and estimate its eﬀect on signal drift. Moreover, we introduce a method to suppress the fluctuation by using the
region separation technique with a partial reflector [27].
We also experimentally demonstrate remote temperature
sensing over a 30 km-long transmission line and estimate
the resolution and the measurable span of the temperature
variation.
The remainder of this paper is organized as follows. In
Section 2, we introduce the principle of the optical pulse
correlation sensing system. In Section 3, we experimentally
confirm the time drift fluctuation of the sensing signal
caused by the long transmission line. Then, we propose a
modified experimental setup that can stabilize the sensing
signal against the time drift fluctuation in Section 4. In this
setup, the fluctuation is suppressed by use of a remote reference pulse. Moreover, we demonstrate remote temperature
monitoring over a 30 km distance. A conclusion is presented
in Section 5.

2. Principle of the Optical Pulse
Correlation Sensing System
2.1. Conventional Sensing System Using Optical Pulse Correlation Measurement. A schematic of our conventional system
is shown in Figure 1. First, we generate two optical pulses,
a reference pulse (R) and a monitoring pulse (M), at the
monitoring center. The monitoring pulse passes through a
transmission line and then enters a sensing region. After
that, the monitoring pulse is reflected back to the monitoring
center and enters a pulse correlation measurement unit. In
contrast, the reference pulse directly enters the pulse correlation measurement unit. If the temperature or strain in the
sensing region is changed, the optical path in the measuring
fiber produces a variation of relative time drift τ between the
reference and monitoring pulses. From the variation of the
time drift value measured by the pulse correlation measurement, we can estimate the temperature or strain variation.
2.2. Pulse Correlation Measurement Unit. A schematic of the
pulse correlation measurement unit is shown in Figure 2.
In this system, a reference pulse with 45◦ polarization is
split into two orthogonally-polarized pulses, R1 (horizontal
polarization) and R2 (vertical polarization), with a fixed
timing separation τ0 induced by a birefringence crystal (pulse
doubler). The monitoring pulse with 45◦ polarization is
combined with doubled reference pulses and separated into
two channels by using a polarized beam splitter. Thus, one
channel has a backward reference pulse R1 and a monitoring
pulse with a time drift τ0 − τ, while the other channel has
a forward reference pulse R2 and a monitoring pulse with a
time drift τ.
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Figure 1: Schematic of remote fiber sensing using optical pulse
correlation measurement.
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Figure 2: Schematic of pulse correlation measurement unit. R:
reference pulse, M: monitoring pulse, SHG: second harmonic
generation, and APD: avalanche photodiode.

In each channel, the second harmonic generation (SHG)
signals are observed by two avalanche photodiodes (APDs).
The SHG output is maximized when the monitoring pulse
completely overlaps with the reference pulse and its full
width at half maximum is related to the pulse width δt of
the incident pulsed laser light. The green dashed line and
the blue dotted line in Figure 3 show the theoretical plots
of the typical relationship between the time drift τ and
SHG outputs. To obtain a wide-range linear response with
respect to the time drift value, we consider the diﬀerential
signal between two SHG outputs (see the red solid line in
Figure 3). The important part of the diﬀerential signal curve
is highlighted inside a dashed oval in Figure 3. In this region,
the output relationship shows good linearity with respect to
the time drift value. In what follows, we estimate the time
drift value from the diﬀerential signal by using this linear
relationship.
2.3. The Variation of the Time Drift Value Owing to Temperature or Strain Changes. The variation of the time drift value
Δτ within the fiber length L can be expressed in terms of the
temperature change ΔT and the strain change ΔF:
Δτ = L · f ,

(1)

f ≡ CT ΔT + CF ΔF,

(2)
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The conventional situation of the optical pulse correlation sensing system is shown in Figure 4(a), where the
monitoring pulse is sent to the sensing region through the
transmission line while the reference pulse is maintained in
the monitoring center (we call it the “local” reference pulse).
We approximate the temporal variation of fN (t) caused by
the propagation time in the transmission line (Δt1 ) and in
the sensing region (Δt2 ) by a first-order Taylor expansion.
The variation of the time drift value Δτlocal is calculated as


Δτlocal  2 L2 fS + L1



d fN
(Δt1 + Δt2 )
fN (t) +
dt







(3)

 2 L2 fS + L1 fN (t) ,

SHG1 (R1 + M)
SHG2 (R 2 + M)
SHG1-SHG2

Figure 3: Theoretical plots of SHG signals (green dashed line and
blue dotted line) and their diﬀerential signal (red solid line) with
respect to the relative time drift τ.
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where we assume fN (t)  (d fN /dt)Δti (i = 1, 2) and
Δti ≡ ng Li /c (i = 1, 2) with the speed of light c and the
refractive index for the group velocity ng . The first term in
(3) corresponds to the sensing signal, and the second term
in (3) shows the eﬀect of the time drift fluctuation caused by
the transmission line. If the second term is suﬃciently small
compared to the first term, we can estimate the temperature
or strain changes within the sensing region from the time
drift value Δτ. In case of the long transmission line, however,
L1 fN (t) could become large enough to induce the appreciable
time drift fluctuation.
To suppress this fluctuation, we can utilize a “remote
reference pulse,” that is, an optical pulse reflected by a partial
reflector just before the sensing region (see Figure 4(b)).
This idea is inspired by region separation techniques used to
realize multiple region sensing [27]. In this case, the variation
of the time drift value Δτ is calculated as




d fN
Δt2 .
Δτremote  2 L2 fS + L1
dt

(4)

(b) R
τremote
M

Figure 4: The time drift value in the optical pulse correlation
sensing system when we use (a) a local reference pulse and (b) a
remote reference pulse.

where f is the variation of the time drift value per
unit length of the optical fiber, and CT and CF are the
temperature sensitivity and the strain sensitivity, respectively.
For standard commercial single mode fiber at wavelength
1550 nm with a diameter of 2 mm, the typical values are
CT = 0.17 ps/(m·◦ C) [26] and CF = 2.7 ps/(m · N) [28].
Now, we consider the measurement of the temperature
or strain changes around the sensing region with a length
of L2 over the transmission line with a length of L1 (see
Figure 4). fS and fN are variations of the time drift value
per unit length along the sensing region and the transmission
line, respectively. We assume that fN is dependent on the time
t, that is, there is the temporal fluctuation of temperature or
strain around the transmission line.

By using a remote reference pulse, the main factor L1 fN (t)
of the time drift fluctuation caused by the transmission line
is canceled out because both the reference and monitoring
pulses are passing through the transmission line. The second
term in (4) shows the eﬀect of temporal variation fluctuation
caused by the diﬀerence of the propagation time between the
reference and monitoring pulse. If the second term in (4) is
suﬃciently small compared to the first term, Δτremote can be
stabilized against the time drift fluctuation by using remote
reference pulses.
From (2), our sensing system has the cross sensitivity
between temperature and strain changes. The simplest way
of discriminating strain and temperature changes is to
use two optical fibers where the first one is not fixed
at the measuring object, that is, isolated from strain and
experiences only temperature changes, and the second one is
fixed at the measuring object, that is, aﬀected by both strain
and temperature. Assuming that the two sensing fibers are at
the same temperature, the variation of the time drift value
from the first sensor can be used to derive a temperaturecorrected strain value from the second one. In what follows,
the optical fiber is not fixed at the measuring object, and we
monitor only temperature changes.
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Figure 5: Experimental setup for remote fiber sensing using pulse
correlation measurement.
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Figure 6: Experimentally obtained SHG outputs (green dashed line
and blue dotted line) and their diﬀerential signal (red solid line).
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Figure 5 shows the experimental setup for remote fiber
sensing using pulse correlation measurement. We use optical
pulses with a repetition frequency of 1.4794 GHz, a center
wavelength of 1550 nm, and a pulse width of around 10 ps as
light source. First, the input pulses are split into two pulses,
reference pulse and monitoring pulse, by a coupler. The
monitoring pulse passes through an optical circulator and a
transmission line and then enters a sensing region. After that,
the monitoring pulse is reflected back to the circulator and
then enters a pulse correlation measurement unit subsequent
to amplification by an erbium-doped fiber amplifier (EDFA),
which compensates for propagation loss in the transmission
line. In contrast, the reference pulse directly enters the pulse
correlation measurement unit through a tunable delay line
that is fixed at a point to allow a partial overlap between the
reference and monitoring pulses. The delay of the tunable
delay line device (OZ Optics ODL300) can be adjusted with
0.005-ps increments between 0 and 350 ps. In the correlation
measurement unit, the fixed timing separation τ0 is 20 ps.
The outputs of two APDs are connected to a 12-bit analog
to digital converter (ADC) to obtain the SHG output power
as the voltage value. Finally, the output diﬀerential signal
between two SHG outputs is calculated and stored in a
personal computer.
Figure 6 shows experimentally obtained SHG outputs
and their diﬀerential signal with respect to the time position
of the tunable delay line. The linear region with a width
of about 10 ps can be used for the estimation of the time
drift value. As described in Section 2.3, the temperature
sensitivity is 0.17 ps/(m·◦ C). Thus, the measurable span of
the temperature variation is calculated as (5.9 × 10/L2 )◦ C,
where L2 is the length of the fiber in the sensing region. This
indicates that the measurable span becomes smaller when we
use a longer optical fiber.
Next, we stabilized the temperature of a 1 m long sensing
region at room temperature (∼27◦ C) by using a feedback loop of the temperature controller and continuously
monitoring the time drift value to observe the time drift
fluctuation at a fixed temperature in the sensing region. The
experimental results are shown in Figure 7.
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Figure 7: Time drift fluctuation in remote monitoring of the 1 m
long sensing region at the fixed temperature 27.0 ± 0.1◦ C. The solid
red line and the dotted blue line show the fluctuation of the time
drift value with monitoring time through short (∼1 m) and long
(∼30 km) transmission lines, respectively.

For the short transmission line (∼1 m), the time drift
value remains almost constant with respect to the monitoring time (see the solid red line in Figure 7). Actually, the
time drift fluctuation is less than 0.02 ps, which is within
the 12-bit resolution of the ADC. From this value and
the sensitivity coeﬃcient, the temperature resolution of this
◦
system is calculated as (1.2 × 10−1 /L2 ) C. We can adjust
the temperature resolution to satisfy the corresponding
application requirements by changing the fiber length L2 .
For the long transmission line (∼30 km), however, even
in the constant-temperature sensing region, the measured
time drift value shifts gradually with monitoring time at
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<0.1 ps

0
−0.5

0

a speed of 0.09 ps per second (see the dotted blue line in
Figure 7). Because the measurable span is about 10 ps, only
a few minutes of the monitoring time is required to break the
linear response with respect to the time drift value.
From (3), we can calculate the speed of the temperature
variation around the transmission line as:
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Figure 9: Time drift fluctuation in remote monitoring over a 30 km
distance of the 1 m long sensing region at the fixed temperature
27.0 ± 0.1◦ C by using the local reference pulse (dotted blue line)
and the remote reference pulse (red solid line).

dΔT
= 1.8 × 10−5 ◦ C/s.
dt

(6)
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This minute variation is caused by the ambient temperature
and the warming by optical pulses. It is integrated along the
long transmission line and induces an appreciable time drift
fluctuation. To realize remote temperature monitoring, we
need to suppress the large time drift fluctuation in the long
transmission line.
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4. A Pulse Correlation Sensing System Using
a Remote Reference Pulse
4.1. Experimental Setup. From (5), we can calculate the
second term in (4) as 4.4 × 10−22 s. This result is suﬃciently
small compared to the first term in (4). Thus, we can suppress
the time drift fluctuation by utilizing a remote reference
pulse.
The experimental setup with the remote reference pulse
is shown in Figure 8. In this setup, the reference pulse is
reflected by a partial reflector with a reflectivity of about
25%, and the monitoring pulses are reflected at the end
of the same optical fiber. After amplification by the EDFA,
the reflected pulses including the reference and monitoring
pulses are split into two pulses. The tunable delay line is set
up to allow partial overlap between the reference pulse in one
arm and the monitoring pulse in the other arm.
4.2. Experimental Results. The continuous monitoring of the
time drift value is shown in Figure 9 when the temperature
in the 1 m long sensing region is fixed at room temperature.
We can easily confirm that the time drift value is suﬃciently
stabilized in monitoring time by using a remote reference
pulse. The time drift fluctuation is below 0.2 ps even in an
hour over the 30 km-long transmission line. This indicates
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Figure 10: Remote temperature monitoring at a 1 m long sensing
region over a 30 km-long transmission line by utilizing a remote
reference.

that the temperature resolution is (1.1/L2 )◦ C and the measurable span of the temperature variation is (5.9 × 10/L2 )◦ C.
Next, we demonstrate remote temperature monitoring.
The time drift value is continuously monitored with the
changing surrounding temperature of the optical fiber in the
sensing region. Figure 10 shows the change of the measured
time drift value using the remote reference with respect to
the temperature around the 1 m long monitoring fiber. The
good linearity between the measured time drift value and the
temperature of the sensing region can be clearly observed by
suppressing the eﬀect of long-distance instability. From the
result, the temperature sensitivity of the 1 m long monitoring
fiber is found to be about 0.18 ps/ ◦ C, which is almost equal to
the value in [26]. The temperature resolution estimated from
the error bar in Figure 10 is less than 1.6◦ C.
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5. Conclusions
In this paper, we introduced an optical fiber sensing system
for long-distance remote monitoring using pulse correlation
measurement. We estimated the eﬀect of the time drift
fluctuation from the long transmission lines and proposed a
stabilizing method using a remote reference pulse against the
time drift fluctuation caused by the long transmission line.
Moreover, we demonstrated remote temperature monitoring
over the 30 km-long transmission line by utilizing a remote
reference pulse and obtained good linearity of the time drift
value with respect to the temperature around the sensing
region. The resolution and the measurable span of the
temperature variation are (1.1/L2 )◦ C and (5.9 × 10/L2 )◦ C,
respectively. We can select the resolution and the measurable
span by changing the length of the optical fiber in the sensing
region. This system can be used for remote temperature
monitoring of complicated structures, such as bridges, oil
tanks, power transformers, and pipelines.
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