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In this paper, a high-precision bidirectional time-transfer system over a single fiber based on wavelength-division multiplexing and time-division multiplexing (SFWDM-TDM) is proposed, which combines the advantages of wavelength-division multiplexing and time-division multiplexing. It uses two dense wavelength-division channels to effectively suppress the problem of optical fiber reflection. At the same time, the time-division multiplexing method is used in combination with sampling and holding the time to complete the multi-user task. In hardware, we optimized the carrier processing and the high-precision time-delay control module of the SFWDM-TDM system to complete high-precision time-transfer equipment. In software and algorithm, the optical fiber time-interval measurement method and measurement times are optimized, and the SFWDM-TDM system reaches a synchronization accuracy of 8.9 ps at 1 s. Finally, a real-time detection mechanism with self-recovery ability is added to the system. This lays the foundation for a reliable, long-distance, high-precision, and multi-user mode optical fiber time- and frequency-transfer network.
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INTRODUCTION
The accuracy of time and frequency directly determines the accuracy of navigation, positioning, and time service. They also determine the autonomous operation capability of satellite navigation systems [1, 2]. The existing time-transfer system includes a network, global navigation satellite systems (GNSSs), optical fiber, and other schemes [3, 4]. Due to the stability and abundant resources of optical fibers, the optical fiber time-transfer technology has attracted extensive attention from scientists. The development of optical fiber time-transfer equipment will provide time signals and technical support for major scientific and technological facilities and also meet the needs of rapid economic and social development. The application range of high-precision time and frequency has penetrated from basic research to the engineering technology application field, which is related to many important departments of the national economy and the people’s livelihood [5–7].
There is no need to reprocess the time service signal when using wavelength-division multiplexing (WDM) technology, especially the all-optical relay method. The round-trip channel has a high degree of consistency, which is conducive to eliminating the asymmetry of the round-trip signal delay. It is one of the time-transfer methods with the highest time synchronization accuracy [8, 9]. In 2013, the long-term stability of the optical fiber time synchronization experiment was less than 20 ps in the 540-km fiber link test at the Paris Observatory, France [10].In 2019, Cheng presented an optical fiber time-transfer scheme through the optical supervisory channel (OSC) in WDM systems [11]. In 2021, the National Time Service Center demonstrated a WDM-based system for simultaneously delivering ultrastable optical frequency reference, 10 GHz microwave frequency reference, and one pulse per second (1 PPS) time signal via a 50-km fiber network [12]. Also, Shanghai Jiaotong University demonstrated the time synchronization system of two-way time-division multiplexing on the same fiber and same wave transfer was used on a field optical fiber link with a length of about 60 km, and the stability is less than 16 ps/s and 7 ps/10000 s [13]. Also, it proposed a BTDM-SFSW system to overcome the influence of backscattering [14].
This paper proposes a high-precision bidirectional time-transfer system over a single fiber based on the wavelength-division multiplexing and time-division multiplexing (SFWDM-TDM) system, which combines the advantages of wavelength-division multiplexing and time-division multiplexing. It uses two dense wavelength-division channels to effectively suppress the problem of optical fiber reflection. At the same time, the time-division multiplexing method is used in combination with sampling and holding the time to complete the multi-user task. Then, in hardware, we optimized the carrier processing and the high-precision time-delay control module of the SFWDM-TDM system to complete high-precision time-transfer equipment. The phase difference value is measured using the phase detector of hardware in performing the comparison process. The phase difference value will be processed and calculated by software. Software calculates the current output phase error in combination with hardware parameters, which can convert it to the value of the phase shift by operating the DAC chip. Hardware and software complete the phase compensation function together. In terms of software and algorithm, the optical fiber time-interval measurement method and measurement times are optimized, and the SFWDM-TDM system reaches 8.9 ps at 1 s. Finally, a real-time detection mechanism with self-recovery ability is added to equipment, which lays the foundation for a reliable, long-distance, high-precision, and multi-user optical fiber time- and frequency-transfer network.
SYSTEM PRINCIPLE OF THE SINGLE FIBER BASED ON WAVELENGTH-DIVISION MULTIPLEXING AND TIME-DIVISION MULTIPLEXING
In the long-distance time transfer of the SFWDM-TDM system, the two-way time comparison method is adopted. The basic schematic diagram of the SFWDM-TDM system is shown in Figure 1. The time and frequency signals are output by the clock source to the local equipment at local site A. The local site loads the 10 MHz signal, 1 PPS time signal, and the time difference data after comparison to the output laser through the encoder unit. Also, the output wavelength of laser 1 is λ1. TDC stands for measuring the signals at both sides of the link using time interval counters. λ1 is the wavelength of the fiber forward propagation. Additionally, λ2 is the wavelength of the fiber backward propagation. The output light of the laser, as the downlink optical signal, passes through the dense wavelength-division multiplexer (DWDM) and optical fiber and reaches equipment B and C of the remote site. The photodetector of the local site detects and converts the optical signal returned from the remote site to obtain the electrical signal. Then, TDC of local site A measures the time difference between the time signal output and the time source, which provides comparison data [image: image] of the local site. The encoder unit of the local site encodes and sends the time signal, frequency signal, and comparison data to the devices at different remote sites through the standard small form-factor pluggable (SFP) optical transceivers.
[image: Figure 1]FIGURE 1 | Schematic diagram of the SFWDM-TDM system.
The equipment in the remote site receives the optical signal from the local site through the photodetector to obtain the electrical signal, which decodes the time and frequency signal and the comparison data from the local site. The carrier processing unit has the functions of carrier recovery and time-keeping oscillation. The time-keeping oscillator is tamed by the time and frequency signal from the local site. The TDC-2 unit measures the time delay between the 1 PPS signal from the local site and the 1 PPS signal held by the remote site through the carrier processor to obtain the time difference [image: image]. The time-delay compensation can be required by the system according to the two-way comparison data [image: image] and [image: image], as shown in Eqs. 1, 3. It will control the time-delay control unit to realize the time synchronization between the remote site and the local site. The 1 PPS signal, 10 MHz signal, and time difference data output by different remote sites are encoded by the encoder and loaded onto the SFPs with the nominal wavelength of λ2. The output light of SFPs arrives at the local site after passing through the DWDM and optical fiber.
The high-precision ground-based time service system not only needs long-distance, high-precision optical fiber time synchronization but also needs a flexible and reasonable networking mode. Therefore, the optical fiber time transfer has developed a multi-user synchronization scheme based on the single fiber, which is suitable for the optical fiber network. The local site polls each remote site through time-division multiplexing. The equipment switches the optical switch through the command while amplifying the optical signal. When the local site receives the optical signal from the remote site equipment B and C, a two-way time comparison link is successfully established, which will achieve high-precision optical fiber time synchronization for long-distance multi-user.
The operation process of different sites is the same as that of remote site B, including remote site C. They can be expressed as follows:
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where [image: image] is the time interval measured by the TDC of equipment A at the local site and equipment B at the remote site. [image: image] is the time interval measured by the TDC of equipment A at the local site and equipment C at the remote site. [image: image] is the time interval measured by TDC-2 of equipment B at the remote site and equipment A at the local site. [image: image] is the time interval measured by TDC-3 of equipment C at the remote site and equipment A at the local site. [image: image] is the time delay of transmitting equipment at site A (B, C). [image: image] is the time delay of receiving equipment at site A (B, C). [image: image] is the transmission delay of signals from site A to site B (site B to site A; site C to site A) in the optical fiber link. [image: image] and [image: image] are the time compensation amounts required by equipment B and C at the remote site of the system.
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The time-transfer delay of the transmitting and receiving equipment can be measured and compensated in advance. The formula shows that the remote site devices in the SFWDM-TDM system and the local site devices do not affect each other when calculating the time delay of each device. When the optical fiber bidirectional links are completely symmetrical, the sum of the bidirectional link delay can be considered [image: image] and [image: image]. Then, the following equations are obtained:
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The time transfer in this paper measures and compensates the total delay of the optical fiber link accurately. It also corrects the time delay difference of the system to ensure the uncertainty of time transfer. In addition, the impact of the asymmetry introduced by bidirectional wavelength inconsistency on the uncertainty of time transfer is suppressed by dispersion deviation automatic compensation [15].
REALIZATION AND EXPERIMENT ANALYSIS
The 1 PPS signal is regenerated in the remote site signal with high stability by using the 10 MHz signal output from frequency transmission. It allows the pulse edge of the regenerated 1 PPS signal track the pulse edge of the 1 PPS signal output by the SFWDM-TDM system, which can ensure that the regenerated 1 PPS signal has good stability and uncertainty at the same time. The 1 PPS sample and hold-over module ensure that each remote site device can use the time slot to keep up time and complete multi-user tasks when the system performs time-division multiplexing.
Carrier processing and the time-delay control module
In terms of hardware, a carrier processing module based on the phase-locked loop (PLL) is designed, as shown in Figure 2. The carrier processing module is a delay controller based on the phase-locked loop. The phase difference between the input 10 MHz signal and the output 10 MHz signal can be controlled by setting the phase-shift setting voltage. The phase difference between the 10 MHz signal output by a voltage-controlled crystal oscillator (VCXO) and the 10 MHz reference clock signal input from the local site is measured through a linear phase detector (PD). The phase difference is converted into a voltage signal through a loop low-pass filter. This voltage signal is compared with the phase-shifting setting voltage through an error comparator to obtain the error voltage of the difference between the setting phase and the actual phase. This error voltage controls the voltage control terminal of VCXO through the proportional integral circuit so that the phase difference between the 10 MHz signal output by the VCXO and the 10 MHz reference clock signal input from the local site is kept at the phase difference corresponding to the phase-shift setting voltage, which can realize the phase setting. The difference between this paper and other related works is the phase-shifting voltage that can be set. For the frequency control of 10 MHz of a VCXO, the variation range of control voltage is 0–3.3 V. Also, 0.825 V is set as the phase-shifting setting voltage in this scheme.
[image: Figure 2]FIGURE 2 | Schematic diagram of the carrier processing module.
The basic principle of phase-locked phase-shifting based on PLL is to adjust the phase slightly by changing the phase-shifting voltage. The control stability of the time-delay control module reaches 8 ps, and the control resolution is 2 ps. The time-delay control module is based on the phase-locked loop phase-shifting technology. The phase-shifting range can reach one cycle of the phase detection frequency. The periodic phase shift realized by an FPGA can provide a wide-range time-delay control. However, if a 10 MHz signal is used as the reference clock of an FPGA, the phase discrimination frequency here is 10 MHz, so it can reach 100 ns. For a phase difference of 1 PPS less than 100 ns, a digital PID is used to control the time PLL. The resolution of phase-shifting is determined by the resolution of the phase-shifting control voltage. With a 16-bit digital-to-analog converter (DAC), a 1.5 ps delay control resolution can be achieved.
The test device of the precision time-delay control module, which is composed of the PLL, is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Test device of the precision time-delay control module.
AFG31052 produced by Tektronix is used as a signal source to generate a 10 MHz frequency signal and a 1 PPS time signal. These are input to SR620 produced by Stanford which is used as the reference frequency to stop signals. The signal source output another homologous 1 PPS signal, which was input to the local site of the SFWDM-TDM system. After the signal reached the remote site of the SFWDM-TDM system through a 50-km-long fiber coil, a 1 PPS signal was generated as the start signal of the SR620. The data on the time-delay control are set, and the measurement data on SR620 are collected by the PC.
The PC collects SR620 data for 5 min continuously. It records the measured average value as the measured time-delay value. The PC changes the value of the set time-delay control. Also, the data on SR620 are listed in Table 1.
TABLE 1 | Experimental data of the time-delay control module.
[image: Table 1]When the value of delay control is set to 0.000 ns, the device has a system error of 19.831 ns. It is mainly introduced by the line delay, chip delay, and the SR620 measurement deviation. After deducting the influence of these system deviations, the time deviation of the measurement is calculated to be within ± 20 ps. The value is equivalent to the non-linearity error introduced by the SR620 measurement.
Algorithm optimization
The experimental test is carried out according to Figure 1. In the remote site compensation scheme, the method of time bidirectional comparison is used. The comparison process obtains the data of time delay. Then, the time delay is controlled at the remote site, which makes it possible for a local site to synchronize multiple remote sites. In order to improve the measurement resolution and accuracy, this paper carries out multiple measurements and averages in the situation of the existing test system. The more the measurement samples are used for statistical averaging, the closer the average value is to the true value. If the system is sampled N times at the same time interval, the time accuracy after averaging can be improved to approximately 1/(√ N). In this paper, the number of 1 PPS measurements is increased by 10 times to 10 PPS for measurement. Also, the indicators conform to the 1/(√ 10) relationship.
As shown in Figure 4, the time-delay fluctuation before and after the increase in measurement times for the SFWDM-TDM system is compared. According to the actual test results of a single 50-km coiled fiber, with 1 Hz for the first time of measurement, the peak-to-peak value before algorithm improvement is about 300 ps, and the standard deviation (SD) is calculated as 65.6 ps. The peak-to-peak value of the equipment after algorithm improvement is around 80 ps with 10 Hz for the 10th time of measurement, and the SD value is 13.0 ps. The comparison of TDEV before and after algorithm improvement is shown in Figure 5. The TDEV calculation result of 1 Hz is 28.1ps@s, and the TDEV calculation result of 10 Hz is 8.9ps@s. The experimental results show that single equipment conforms to the theoretical calculation. The stability has been significantly improved after algorithm optimization.
[image: Figure 4]FIGURE 4 | Delay fluctuation before and after algorithm improvement.
[image: Figure 5]FIGURE 5 | Comparison chart of TDEV before and after algorithm improvement.
The ADEV of the 10 MHz transmission reaches 1.4E-11@1s and 2.5E-12@10s when the testing time is 10000 s, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | ADEV of 10 MHz.
Multi-user experiment
The 1 PPS sample and hold-over unit can track or hold the 1 PPS input signal. The 1 PPS sample and hold-over circuit are used to complete multi-user experiments. When the time and frequency signals transfer from the local site device to a remote site device, other remote site devices use the sample and hold-over system composed of OCXO, which can keep up time to ensure that the system does not deteriorate. The SFWDM-TDM system can be set to 10 remote sites. In this paper, TDEVs are obtained by sampling and comparing the delay fluctuation of remote site device 1 and remote site device 10. As shown in Figure 7, the TDEV of remote device 10 is 8.9E-12@s and 4.5ps@10s. The TDEV of remote device 1 is 8.7ps@s and 3.1ps@10s. The feasibility of SFWDM-TDM proposed by multi-users is verified in this paper, which lays a foundation for longer distance transmission.
[image: Figure 7]FIGURE 7 | TDEV of the 1 PPS time transfer at different remote sites.
Self-recovery capability of equipment
The system also introduces the self-recovery design of the device when power supply is restored. The device self-recovery of the system was also tested, as shown in Figure 8. It can be seen from the data that the 1 PPS time signal output by the remote site under the power failure status deviates significantly from the 1 PPS time signal of the local site. The reason is that the remote site cannot receive the signal from the local site. The remote site relies on the crystal oscillator in the remote site to keep up time when equipment is powered off. So, the 1 PPS time signal deviates in one direction. The SFWDM-TDM system will automatically recover in about 20 s when power supply of equipment recovers after the 7200 s power outage. Also, the deviation from the 1 PPS signal before power outage is only 20 ps. The self-recovery capability of the equipment is verified, which provides a basis for the robustness of the system.
[image: Figure 8]FIGURE 8 | Self-recovery experiment when power supply is restored.
CONCLUSION
The SFWDM-TDM system developed in this paper adopts the scheme of occupying two wavelengths with dense wavelength division. It simultaneously transfers 1 PPS and 10 MHz signals, which use time-division multiplexing to achieve multi-user, long-distance, and high-precision optical fiber time synchronization. The scheme of using two dense wavelength-division channels can effectively suppress the problem of optical fiber reflection. The next step will be continued to improve device consistency and the indicators of the time-interval measurement module.
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