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Abstract: The temperature of optical fiber links is an important factor affecting the accuracy of optical
fiber time transmission. However, the real-time temperature measurement of optical fiber links in field
networks is difficult and contains many errors. In this paper, a new method for the real-time average
temperature measurement of optical fiber links is proposed. By accurately measuring the round-trip
time delay of the optical fiber link and filtering out the delay jitter and system noise through the
Kalman filter, the real-time average temperature of optical fiber links can be accurately calculated.
The experimental results in the temperature control box show that the temperature measurement
accuracy of this method is about 0.015 ◦C. Under the condition of a significant temperature change,
the time synchronization accuracy of the round-trip system can reach the sub-nanosecond level and
the time stability is less than 35 ps/s and 8 ps/104 s.

Keywords: optical fiber transfer; time transmission; round-trip method; wavelength division
multiplexing; time-delay ratio

1. Introduction

With progress in high-precision frequency standard technologies, the stability of the
optical frequency atomic clock has reached 10−19 [1]. Among the seven international basic
units, time has the highest measurement accuracy [2]. The large-scale time service of the
atomic clock together with long-distance time transfer among atomic clocks can improve
the accuracy and stability of the clock source and improve the overall performance and
redundancy of the clock group [3]. Therefore, transmitting high-precision, time-frequency
information to users is an essential topic in this field. Compared with other time service
methods, optical fiber time-frequency synchronization technology has obvious advantages
such as low loss, high stability, and large bandwidth, and has gradually become the time
service method with the highest accuracy and stability [4].

At present, in the single-fiber bidirectional optical fiber time transmission scheme
between the master and the slave time service stations, the round-trip method and wave-
length division multiplexing (WDM) are typical methods [5]. They use optical signals
with two different wavelengths on the same optical fiber link. The unequal round-trip
wavelength and refractive index lead to asymmetric round-trip delays. With the change in
link temperature, the round-trip delay difference fluctuates [6,7]. The optical fiber link in
the field is inevitably affected by environmental factors such as pressure and temperature
changes. The temperature change will affect the transmission delay of the optical fiber link,
which affects the transmission accuracy based on WDM and the round-trip method. Since
the link temperature is difficult to measure, the traditional timing system lacks a tracking
estimation of the change in the round-trip time delay difference caused by temperature
change [8,9].
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In the round-trip method, by measuring the round-trip delay sum τsum = τλ1 + τλ2

of the master–slave station, and the delay ratio ρ =
τλ1
τλ2

, the one-way transmission delay

τλ1 from the master station to the slave station is solved and used to compensate the
slave station clock. According to the temperature characteristics of optical fiber, the ratio
ρ fluctuates with the change in temperature. If the real-time temperature of the fiber
core of the optical fiber link can be measured accurately, the ratio ρ can be calculated
directly, and then the one-way delay τλ1 can be calculated more accurately [10]. However,
there are many difficulties in measuring the real-time temperature of the optical fiber link.
Firstly, the temperatures of the optical cable, optical fiber, and fiber core are different in
the actual environment. Therefore, the method of estimating the core temperature using
the surface temperature of the optical fiber is flawed. However, it is difficult to measure
the temperature of the optical fiber surface. Secondly, the length of the optical fiber link is
usually tens or even hundreds of kilometers in length. The longitude and latitude span
and the altitude span lead to different temperatures in parts of the same optical fiber.
Even if the segmented temperature measurement is carried out in different parts of the
optical fiber, there will still be numerous errors in measurement and calculation [11,12].
Therefore, it is difficult to monitor the real-time temperature of the optical fiber link by
direct measurement. Due to the lack of an accurate scheme for the real-time temperature
of optical fiber links, the traditional round-trip method directly makes the ratio ρ a fixed
value at room temperature [13]. This scheme may cause nanosecond time synchronization
errors in a 100 km optical fiber link [14].

In view of the lack of tracking of the real-time temperature of the optical fiber link
in the traditional round-trip optical fiber timing system, calculating the real-time average
temperature of the optical fiber link between two timing stations is proposed in this paper.
Through the pre-measurement of the optical fiber length, round-trip wavelength, and
terminal hardware delay, the real-time value of the round-trip delay of the optical fiber
link, which varies with temperature, can be accurately measured and the jitter and noise
of the round-trip delay value can be filtered using the Kalman filter algorithm. Finally,
the real-time average temperature of the optical fiber link can be accurately calculated.
The experimental results of the temperature control box show that the optical fiber link
temperature estimation accuracy can reach 0.015 ◦C. This paper’s temperature-tracking
measurement scheme could potentially provide a solution to the problems encountered
when measuring the link temperature of the field optical fiber network. Applying the
average temperature value to the round-trip time service system can significantly improve
the time service accuracy. In addition, the temperature measurement method in this paper
directly uses the round-trip time service system, and the temperature measurement results
can be directly applied to the time service system without adding other measurement
equipment.

2. Principles and Methods
2.1. The Principle of the Round-Trip Method

The structure and principle of the optical fiber time synchronization system based on
the round-trip method are shown in Figure 1. The system consists of the master station and
the slave station connected by an optical fiber link. Clock A is the clock source; Clock B is
the clock to be tamed. There are two Time-to-Digital Converters (TDC) used to measure
the time intervals: TDC1 in the master station and TDC2 in the slave station.
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Figure 1. The principle of optical fiber time synchronization system based on round-trip method.

The round-trip method measures the round-trip time delay sum of the master and
slave stations through the TDC1 of the master station, as shown in Formula (1):

τTDC1 = τλ1 + τλ2 + τh (1)

wherein, τλ1 is the link transmission delay of wavelength λ1 optical signal from the master
station to slave station, and τλ2 is the link transmission delay of wavelength λ2 optical
signal from slave station to master station. τh is the sum of the transceiver delay of the
terminal hardware equipment of the master–slave station, including the master station
transmission delay τme, the slave station reception delay τsr, the slave station transmission
delay τse, and the master station reception delay τmr, as shown in Formula (2):

τh = τme + τsr + τse + τmr (2)

In the existing optical fiber timing system, the terminal equipment can be placed in a
constant temperature environment, τh is regarded as a fixed value and can be measured in
advance. Thus, the round-trip time delay sum τsum of the optical fiber link is obtained, as
shown in Formula (3):

τsum = τλ1 + τλ2 = τTDC1 − τh (3)

The expression of the transmission delay value of the optical fiber link is shown in
Formula (4) [10]:

τ(λ, T) =
L0

C
(1 + α(T − T0))

(
n(λ, T) − λ

dn(λ, T)

dλ

)
, (4)

where the light speed C is 299,792,458 m/s, L0 is the initial length of the optical fiber, T0
is the initial temperature of the optical fiber, T is the average temperature of the optical
fiber link, α is the thermal expansion coefficient of the optical fiber 5.6 × 10−7 K−1, λ is the
wavelength of the optical signal, and n is the refractive index.

The Sellmeier refractive index formula of optical fiber is shown in Formula (5) [11]:

n(λ, T) =
√

A + B/(1 − C/λ2) + D/(1 − E/λ2) (5)

wherein, the unit of wavelength λ is µm. For G.652 optical fiber, the relevant parameters in
Formula (5) are as follows: A = 6.90754 × 10−6T + 1.31552, B = 2.35835 × 10−5T + 0.788404,
C = 5.84758 × 10−7T + 0.0110199, D = 5.48368 × 10−7T + 0.91326, E = 100.

According to Formulas (4) and (5), the round-trip time delay ratio value ρ can be
expressed as:

ρ =
τλ1

τλ2

=
n(λ1, T) − λ1

dn(λ1, T)
dλ1

n(λ2, T) − λ2
dn(λ2 ,T)

dλ2

(6)
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From Formulas (3) and (6), τλ1 can be solved as shown in Formula (7).

τλ1 =
ρ(τTDC1 − τh)

ρ + 1
(7)

Send the calculated τλ1 to the compensation module of the slave station and tame
clock B. The master station sends a time signal with a wavelength of λ1 at the CA time.
When the optical signal reaches the slave station, the time value of clock A of the master
station changes from CA to CA + τλ1 + τme + τmr.

When the terminal equipment of the master-slave station is placed in the same constant
temperature and pressure environment, and the laser and photodetector of the same model
is selected, the terminal equipment can be ensured as much as possible after the pre-test.
This leads to:

τme + τsr =
τh
2

(8)

At this moment, the time value of clock B of the uncompensated slave station is CB.
Therefore, it is necessary to compensate the time value of clock B to CA + τλ1 +

τh
2 to realize

the time transmission of the master–slave station.
It can be seen from Formula (6) that ρ fluctuates with the change in temperature.

However, due to the lack of tracking of the temperature of the optical fiber link, the
traditional round-trip method takes ρ as the fixed value of

τλ1
τλ2

at room temperature. This

method may cause nanosecond time transfer errors in a 100 km optical fiber link [12].

2.2. Time Transfer Method Based on Temperature Tracking

This paper presents a method to calculate the real-time average temperature of the
optical fiber link between two time service stations through the real-time round-trip delay
measurement. By measuring the fiber length, the round-trip wavelengths, and the terminal
hardware delay of the optical fiber time transmission system, the real-time value of the
fiber link round-trip delay with temperature is accurately calculated. The jitter and noise of
the round-trip delay values are filtered by the Kalman filter algorithm. In the measurement
value of TDC for the round-trip delay sum, the system noise caused by terminal equipment
such as lasers, optical detectors, and modulation and demodulation equipment reduces
the data quality. According to the optimal estimation performance of the Kalman filter
and considering its good performance in atomic clock error estimations and time scale
algorithms, we chose the Kalman filter to reduce the influence of system noise so as to
provide experimental data as accurately as possible for temperature measurement.

Then, by substituting the relevant parameters into Formulas (4) and (5), the corre-
sponding relationship between the round-trip delay value and the average temperature
of the link can be determined. Finally, the real-time average temperature of the optical
fiber link can be accurately calculated. By substituting the measured real-time average
temperature into Formulas (5) and (6), the real-time value of the ratio ρ with temperature
can be calculated. The ratio of ρ substitution (5) can be used to solve the one-way delay of
τλ1 . The specific implementation steps are as follows:

1. Measure the initial length L0 of the 23 ◦C optical fiber link in advance;
2. Measure the round-trip optical signal wavelengths λ1 and λ2 using a spectrometer;
3. Substitute the optical fiber length L0, and wavelengths λ1 and λ2 into Formulas (4) and (5),

determine the corresponding relationship between the round-trip delay and the tem-
perature, and establish the relationship between the temperature and the time-delay
sum;

4. Pre-calibrate the transceiver delay sum τh of the terminal hardware of the master–slave
station;

5. Measure the round-trip delay τTDC1 of the master–slave station through the time
interval measurement module;
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6. The round-trip delay sum τsum = τλ1 + τλ2 of the optical fiber link is calculated using
Formula (3);

7. The delay τsum jitter and noise interference are filtered by the Kalman filter algorithm;
8. The real-time average temperature T of the optical fiber link is calculated by the filter

value of τsum;
9. Substitute the measured real-time average temperature into Formulas (5) and (6) and

the real-time value of the ratio ρ can be calculated;
10. Substitute the ratio ρ into Formula (7) to solve the one-way time delay τλ1 under

temperature change.
11. Compensate clock CB to CA + τλ1 +

τh
2 .

The system workflow is shown in Figure 2:
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3. Experiment and Results Analysis
3.1. Construction of an Experimental Platform

In order to verify the feasibility and accuracy of the optical fiber time transmission
system based on link temperature tracking, an experimental platform is built. The experi-
mental settings parameter table is shown in Table 1.

Table 1. Experimental setup parameters.

Parameter Value Parameter Value

Optical fiber model G.652 Clock source Cesium clock-3230B

Fiber length 50,692.593 m Fiber loss 0.187 dB/km

Modulation on λ 1 s−1 Measurement resolution of TDC 100 ps

Wavelength of λ1 1550.87 nm Temperature control box (TC) CTP404

Wavelength of λ2 1490.92 nm Experiment duration 9 h

Terminal equipment
temperature 23 ◦C Initial temperature of TC 17 ◦C

Hardware delay τh 3.4 ns Final temperature of TC 27 ◦C

A 50 km G.652 single-mode optical fiber is used between the master and slave stations.
Through pre-measurement, the combined length of the coiled fiber and the additional
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connecting fiber is 50692.593 m. The optical signal wavelength λ1 from the master station to
the slave station is 1550.87 nm, and the optical fiber wavelength λ2 from the slave station to
the master station is 1490.92 nm. The measurement accuracy of TDC is 100 ps. The terminal
equipment of the master–slave station is placed in a constant temperature environment of
23 ◦C. Through pre-measurement, the hardware delay τh of the terminal equipment is 3.4 ns.
The coiled fiber is placed in the temperature control box (TC). The initial temperature of
the temperature control box is 17 ◦C and this is maintained for 3 h. After 30 min of heating,
the temperature of the temperature control box reaches the maximum temperature of 27 ◦C
and this is maintained for 5.5 h. The total experimental time is 9 h. The experimental block
diagram of the experimental platform is shown in Figure 3, and the physical diagram of
the experimental platform is shown in Figure 4.
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3.2. Temperature Measurement Results

During 0–3 h, the temperature box is kept at 17 ◦C to ensure that the fiber core
temperature reaches the initial temperature. During 3–3.5 h, the temperature control box
rises rapidly to 27 ◦C. During 3.5–9 h, the temperature box is kept at 27 ◦C so that the optical
fiber core can absorb heat for a long time, ensuring that the core temperature can finally
reach 27 ◦C. Through the measured data of TDC and deducting the terminal hardware
delay, the change curve of the round-trip delay sum of the optical fiber link can be obtained.
The measurement results show that the round-trip delay sum of the optical fiber link
increases slowly in the period during 0–2.5 h and tends to be flat after 2.5 h. It shows that
the initial temperature of the coiled fiber is slightly lower than the initial temperature of the
temperature control box, but that after 2.5 h of heat absorption, the core of the coiled fiber
reaches 17 ◦C. When the temperature of the temperature control box reaches 27 ◦C, the
round-trip delay sum of the optical fiber link rises for up to 5.5 h and tends to be flat after
8.5 h, indicating that it takes about 5.5 h for the coil fiber temperature to change from 17 ◦C
to 27 ◦C. The heating rate of the coiled fiber lags far behind that of the temperature control
box because the optical fibers in the coiled fiber are tightly intertwined and the outer shell
of the coiled fiber is wrapped in plastic material.

Affected by laser emission wavelength jitters, link noises, TDC measurement errors,
and system random noises, there are inevitable peripheral fluctuations in the measurement
data of the round-trip delay of the optical fiber link. In this scheme, the round-trip delay
value is processed by the Kalman filter to obtain a more accurate round-trip delay mea-
surement value. The estimated round-trip delay after Kalman filter processing is shown in
Figure 5 kalman filter value.
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Figure 5. Round-trip delay after Kalman filtering.

By substituting the optical fiber length L0 and the round-trip wavelengths λ1 and λ2
of this experimental scheme into Formula (4), the corresponding relationship between the
round-trip delay value and the optical fiber link temperature T can be determined and
the relationship between the round-trip delay and the link temperature can be deduced.
Thus, the change curve of link temperature T is solved. The estimated value of the link
temperature is shown in Figure 6.
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Compared with the temperature value not processed by the Kalman filter, the fluctua-
tion range of the temperature value derived from the round-trip delay value that is pro-
cessed by the Kalman filter is smaller. If we observe the two time periods of 9000–10,800 s
and 30,000–324,000 s, we can see that the temperature value after filtering is closer to the
real-time temperature of the optical fiber core.

Thus, the scheme can estimate the real-time average temperature of the optical fiber
link at any time. In order to further analyze the accuracy of this scheme in measuring the
real-time temperature of the optical fiber link, we selected the experimental data in the
period of 30,000–32,400 s for analysis, and the results are shown in Figure 7.
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Figure 7. Estimated link temperature for 30,000–32,400 s.

During the period 30,000–32,400 s, the temperature of the temperature control box
stabilized at 27 ◦C for more than 5 h, and the link temperature value solved by the system
exceeded 27 ◦C for the first time in about 30,600 s and fluctuated around 27 ◦C after
that. This indicates that the link temperature is consistent with the temperature of the
temperature control box during this period. The results show that the error peak of the
link temperature without the Kalman filter is about 0.08 ◦C; the error peak of the link
temperature measurement data processed by the Kalman filter is about 0.015 ◦C, the
mean value of the temperature estimation error is 0.0022 ◦C, and the standard deviation is
0.0069 ◦C.
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Through error analysis, the temperature measurement error of 0.015 ◦C is mainly
caused by the following factors. Firstly, the temperature control accuracy of the CTP404
temperature control box used in the experiment is 0.01 ◦C, which is the main source of errors
for temperature measurements. Secondly, the equipment of the temperature measurement
system contains noise and signal jitters such as laser emission wavelength jitters, terminal
equipment hardware delay jitters, etc. In addition, the measurement accuracy of the time
interval counter could cause certain measurement errors.

3.3. Experimental Results of Time Transfer

According to the results of the real-time average temperature of the optical fiber link
accurately measured in Figure 7, the dynamic ratio relationship ρ =

τλ1
τλ2

of the round-trip

delay can be solved by substituting into Formulas (5) and (6), which can replace the method
of solving the one-way delay in which the ratio in the traditional round-trip method takes
a fixed value at room temperature. Therefore, compared with the traditional round-trip
method, the optical fiber link temperature measurement scheme in this paper considers the
influence of the link’s real-time temperature contrast value ρ in solving the one-way time
delay of the master–slave station, so as to improve the time transmission accuracy of the
master–slave station of the round-trip time transmission system. The comparison diagram
of the round-trip time delay ratio of the link with and without temperature tracking is
shown in Figure 8.
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Substituting the delay ratio ρ based on the link’s temperature tracking into Formula (7)
can calculate a more accurate one-way delay value, so as to improve the time synchroniza-
tion accuracy of master–slave stations. The time synchronization results of this scheme and
the traditional round-trip method are shown in Figure 9.
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Figure 9. Clock difference of two schemes (a) without temperature tracking and (b) with temperature
tracking.
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The peak value of the clock difference after time synchronization of the traditional
round-trip method is 2.26 ns, and the peak value of the clock difference based on tem-
perature tracking time synchronization is 1.51 ns. The Time Deviation (TDEV) of the two
schemes is shown in Figure 10.
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Time deviation (TDEV) is a characteristic parameter of time stability. The deterioration
of its short-term stability (1~100 s) is mainly related to the decline in the signal-to-noise ratio
of the received signal in optical fiber transmission, whereas the deterioration of long-term
stability (1000~3000 s) is mainly due to the change in the transmission delay differences of
the optical fiber link with temperature and the drift of the transmission wavelength. The
time stability of the round-trip method without temperature tracking is about 42 ps/s and
29 ps/104 s, and the time stability using the temperature tracking discussed in this paper is
less than 35 ps/s and 8 ps/104 s.

4. Conclusions

In this paper, a time transfer method based on the real-time average temperature
tracking of optical fiber links is proposed. By accurately measuring the round-trip delay
sum of the optical fiber link, and filtering out the delay jitter and system noise using the
Kalman filter, the real-time average temperature of the optical fiber link can be accurately
calculated. The real-time average temperature can accurately solve the round-trip time
delay ratio of optical fiber, so as to further improve the time transmission accuracy of
the round-trip time synchronization scheme. The experimental results show that the
temperature measurement accuracy of this method is about 0.015 ◦C. Using this method,
the timing accuracy of the traditional round-trip time transmission system is improved by
about 700 ps, and the time stability is less than 35 ps/s and 8 ps/104 s.
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