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Abstract: Laser time transfer is of great significance in timing and global time synchronization.
However, the temperature drift may occur and affect the delay of the electronics system, optic
generation and detection system. This paper proposes a post-processing method for the compensation
of temperature-induced system delay, which does not require any changes to the hardware setup.
The temperature drift and time stability of the whole system are compared with and without
compensation. The results show that the propagation delay drift as high as 240 ps caused by
temperature changes is compensated. The temperature drift coefficient was diminished down to
~0.05 ps/◦C from ~20.0 ps/◦C. The system precision was promoted to ~2 ps from ~11 ps over a
time period of 80,000 s. This method performs significant compensation of single-photon laser time
transfer system propagation drift and will help to establish an ultra-stable laser time transfer link in
space applications.

Keywords: laser time transfer; single-photon detection; temperature drift compensation; avalanche
photodiodes; laser ranging

1. Introduction

The ground-space laser time transfer with high resolution and high accuracy is of great significance
in improving timing and global time synchronization [1–3]. The basic principle of laser time transfer
relies on the light pulse propagation time measurement between clocks at different locations to be
synchronized. There are two typical two-way laser time transfer schemes. One is effectively a two-way
time transfer, whereby the laser is emitted from both ground and space segments to each other. In this
system, both locations will emit and receive the laser pulses, record their time tags and exchange
the above information to calculate the time difference and distance between clocks. The other is also
two-way, but one location (usually the ground station) will emit laser pulses, and the other (usually
the space segment) will only receive them. In addition, the laser reflector array (LRA) on board
reflects a part of the laser pulse back to the laser-emitting station for exact two-way propagation time
measurement. The LRA is a totally passive optical component whose contribution to laser time transfer
performance is not affected by the space environment. This allows the onboard instruments to be
much more compact than the former. All of the existing and planned ground–space laser time transfer
projects are now based on this kind of structure [2–6], such as the Chinese Laser Time Transfer (LTT),
European Time Transfer by Laser Link (T2L2) and the ongoing European Laser Timing (ELT), Chinese
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Laser Timing (CLT) system onboard Chinese Space Station (CSS) and European Laser Timing + (ELT+)
in space optical clock on International Space Station (I-SOC).

The existing laser time transfer link T2L2 together with the onboard clocks has achieved a limiting
time transfer precision better than 10 ps for integration time of 10 to 100 s, and 10 ps for integration
time of several days [7]. The ongoing ELT project onboard the International Space Station (ISS)
should provide an ultimate precision of 3 ps for 300 s of integration time with a clock stability of
10−16 [8]. With the development of optical clocks, a frequency stability of 10−17 was provided in several
ground-based labs. The launch of space optical clocks is now under preparation [5,9]. Optical clocks
may approach a frequency stability of 10−18 when operated in space. The time and frequency transfer
of high stability between ground and space presents a fundamental experiment in physics. Laser time
transfer ultimate precision, expressed by time deviation (TDEV) [10], is expected to be better than 0.3
ps over days in order to compare the frequency from the ground to space with 10−18 precision [11].
The next goal of the laser time transfer system is now planned in the I-SOC mission by Europe and
CLT mission by China to achieve a time stability of approximately 0.5 ps over 100 s and 1 ps over 106 s
with optical clocks [5,9].

With such high-precision requirements, both ground and space laser time transfer systems have
great challenges. The onboard optics and instruments in space need to be especially well designed to
achieve high accuracy and stability. In low earth orbit, the temperature on a satellite surface may change
more than 100 ◦C. With some insulation methods, tens of degrees Celsius temperature variations may
occur at the space-receiver side. The temperature changes have a strong effect on the delay of the laser
time transfer chain. Therefore, it is important to control and compensate the system temperature drift
to achieve better time stability performance [12].

The existing satellite laser ranging (SLR) technology was optimized to control the system
temperature coefficient of a single instrument. The single-photon detector package based on a 25-µm
K14 chip from Czech Technical University achieved a temperature coefficient of 0.76 ± 0.1 ps/◦C [13].
The event timer to record the time tags of the laser pulses has a drift of less than 2 ps/◦C [14].
The coaxial cable drift is within the range of 0.05 to 5 ps/◦C per meter [11,15]. The laser pulses emitting
time also changes several picoseconds per Celsius degree. SLR stations keep all the instruments in
a temperature-stable room and use self-calibration to maintain the stability of the measurements.
However, the onboard laser time transfer payload temperature cannot be controlled so well. This is
why the temperature coefficient of the whole system should be studied and described. This will enable
scientists to compensate most of the delay drifts and achieve better time stability.

In this paper, a basic laser timing test setup is established and the system delay as a function of
temperature is measured. System temperature dependence is analyzed as a whole and a temperature
drift post-compensation method is proposed to compensate for the system delay drift. Applying this
method, the onboard system delay can be tested and described before the launch. In space operation,
it can be modeled and calibrated according to the operating temperature. Sections 2 and 3 present
the method and experiments, results and analysis are shown in Section 4, and finally, conclusions are
given in Section 5.

2. Temperature Drift Experiment Setup

The laser time transfer system is a process of laser-pulse detection and epoch recording both on
board a satellite and at an on-the-ground station. Due to the effects listed above, we focused on the
space segment of the system. The experiment system of space segment contains a laser, a single-photon
avalanche detector (SPAD) and a timing system (see Figure 1). A short-pulsed semiconductor laser at
709 nm with a pulse width of 70 ps was used as the light source. It was triggered by a two-channel
signal generator and synchronized with the gate signal to the SPAD. The gate signal is used to set the
SPAD into its sensitive mode. The first detected signal of the SPAD will reset it as unsensitive again.
The repetition rate of the entire experiment was set to 10 kHz. The laser beam was collimated by a
telescope system composed of two lenses marked as L1 and L2. An aperture was placed at the focus of
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the two lenses for spatial filtering. After attenuation, the laser beam was coupled into a multi-mode
fiber (2 m long) by a lens with a focal length of 50 mm. The fiber output was coupled to the SPAD active
area. The number of incident photons could be adjusted consecutively by adjusting the continuous
attenuator or changing the distance between the SPAD and the output head of the multi-mode fiber.
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Figure 1. Experimental setup of the laser time transfer based on the temperature drift post-compensation.
GEN is a generator; L1, L2 and L3 are planoconvex lenses; A represents the aperture; M1 and M2 are
high-reflection mirrors; ATT is an attenuator; SPAD is a single-photon detector based on Si; ET is an
event timer (precision: 8 ps); and TR is a temperature recorder.

In this experiment, the SPAD detector was operated in an active quenching and gating mode.
A detection chip with a 25-µm-diameter active area (K14 series) was used [16]. It was produced by
Czech Technical University and has been used in the onboard LTT instrument on the Chinese Beidou
Navigation system [2]. A single-shot precision of 150 ps was achieved with this application. Thanks to
the high-speed comparator and faster Resistor-Capacitance (RC) circuit, with the same chip, our SPAD
detector achieved a single-shot precision better than 30 ps. We set a bias voltage of 2 V above the
SPAD’s breakdown voltage to get a detection efficiency of approximately 30% at 709 nm. An event
timer (ET) with a precision of 8 ps and resolution of 13 ps was used to record the propagation delay
changes of the entire transfer chain. A multi-channel temperature recorder (TR) (NAPUI TR230X)
based on thermocouple was used to record the temperature changes over time with a precision of
0.1 ◦C. A thermocouple was set on the bottom of the SPAD near the optical platform representing
the room temperature. At first, two data sets were recorded simultaneously: propagation delay as a
function of time (by ET) and temperature as a function of time (by TR). Then, all the collected data
were processed. A curve of propagation delay as a function of temperature was obtained, the fitting
equation was calculated and then the temperature compensation function was established. Finally,
the variation of original propagation delay results was obtained using the compensation function.

The laboratory temperature was changed to simulate the temperature variations in the space
environment. The initial room temperature of 22 ◦C was slowly increased by 2–3 degrees per day,
and data were collected for 7 days till 34 ◦C. In the data processing, we used a “2.2 × σ” editing
procedure to extract the useful signal [17]. Furthermore, we analyzed the whole system temperature
drift and time stability in terms of TDEV. Usually, original data record length should be at least 3 times
of the average time, which are uesed to analyze time stability [10]. Considering the actual measurement
time and the upload transfer speed of ET in this test, we chose 10 kHz as the laser frequency and a
10% counting rate, which corresponds to an incident light intensity of 0.3 photon/pulse. This setup
simulated the in-space operation.

3. Experimental Data and Processing Methods

With the above experiment setup, we finally achieved a single-shot precision of 45 ps expressed
in terms of the root mean square (RMS) of the entire chain. The raw data are illustrated in Figure 2a,
revealing in general the same trend of variation between the propagation delay and the temperature.
According to the data collected at different temperatures, one could get the delay time by recognizing
the peak position. Figure 2b shows a delay change of 240 ps as the temperature changes from 22 ◦C to
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34 ◦C. According to Figure 2, the whole temperature changing process can be divided into 7 sections.
First comes a temperature stable period, which is followed by 6 temperature rising and stable periods.
Each temperature rising period lasts 7–10 h, while the temperature stable period lasts 12 to 15 h.
However, at the end of day 3, some errors occurred in the data recording system, so only 2 h of data for
the temperature stable period were recorded that day.
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Figure 2. (a) The propagation delay and room temperature over the time. (b) The propagation delay
drift of environment temperatures from 22 ◦C to 34 ◦C.

Figure 3 illustrates the trend of propagation delay along with the temperature variation. According
to Figure 3, we assume the relationship of system propagation delay to temperature as a one-order
linear change.
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The raw data collected at different temperatures are represented by di. One could get the delay
time at different temperatures by recognizing the peak position or the mean value, which can be
expressed by Dj. The delay as a function of temperature can be plotted and linearly fitted as

d = aT + b (1)

where d is the ideal delay time without compensation in unit of ps, T is the temperature in unit of ◦C
and a is the slope of the fitting line curve. In principle, the variation of original propagation delay
could be compensated to a value of temperature T0, which could be selected freely. The compensated
delay time dci can be calculated by

dci = di − (Ti − T0) × a (2)

where Ti is the corresponding temperature of data di. With the above experiment system and
compensation method, we recorded all the data, took part of the data to get a fitting curve and the
function and finally got the compensated data. Using the original and compensated data, we calculated
and analyzed the time stability of the system before and after compensation.

Though the system delay varies linearly with the temperature, we see some fluctuations when the
temperatures begin to change. The most likely reason is that the temperature will take time to reach a
steady state. This is why we separated the data into two groups corresponding to temperature stable
and rising conditions for data analysis.

4. Results and Discussion

4.1. Data Processing and Analysis

4.1.1. The Temperature Stable Period

Each section of the temperature stable periods lasted for 12–15 h except for the third day with
only approximately 2 h. We extracted data for each day with about half an hour to calculate the typical
propagation delay in specific temperatures, and got a fitting equation as

d = 20.8T + 32651.2 (3)

If we want to compensate all the data to 25 ◦C, the compensated ideal propagation delay dc0 can
be calculated as 33170.7 ps.

The compensated delay dci can be calculated by

dci = di − 20.8T + 519.5 (4)

All of the compensated data are calculated and shown in Figure 4, and the slope of the delay
changed to almost flat as −0.034 ps/◦C. With the raw and compensated data, we got the TDEV before
and after compensation. Figure 5 shows the stability described above, where the black dots and lines
represent the raw data results, and the red dots and lines represent the compensated data results.
For approximately a half-day averaging time, TDEV achieves 1.16 ps from the original value of
16.2 ps (over 40,000 s). The improvement by temperature effect compensation is more than one order
of magnitude.
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4.1.2. The Temperature Rising Period

The data processing of the temperature rising period data is the same. The liner fitting curve can
be expressed by

d = 20.4T + 32672.3 (5)

At 25 ◦C, the ideal propagation delay will be 33182.4 ps.
The compensated delay dci can be expressed by

dci = di − 20.4T + 510.1 (6)
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All of the compensated data are shown in Figure 6.
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4.1.3. Analysis of the Combined Data

The above compensated data are combined to an entire experiment process as shown in Figure 8a.
The propagation delay drift of 240 ps has been removed almost perfectly.
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We also got the stabilities of the combined data with and without compensation as shown in
Figure 8b. One can see from the TDEV diagram that the short-term stability gets worse in the averaging
time between approximately 20 s and 1300 s; however, the long-term stability is much lower than
approximately half an order of magnitude from the original value of 11.5 ps down to 2.5 ps for
averaging time of 80,000 s.

4.2. Discussion

From the TDEV analyzed above, one can conclude that the linear-fitting compensation method
works better with the data in the temperature stable period. In the temperature rising period,
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the propagation delay is a little complex (see Figure 6). This demonstrates the complexity of thermal
conduction in the test system and the instruments. Although the compensation method is not perfect,
the 240 ps delay change was nearly perfectly compensated and the detection delay coefficient was
reduced from the original value of 20 ps/◦C to −0.05 ps/◦C. The time stability expressed in a form of
time deviation (TDEV) was also greatly improved. In the temperature stable period shown in Figure 5,
the short-term time stability after the averaging time of 100 s flattens down and achieves 1.2 ps from
the original value of 16 ps over 40,000 s. In the temperature rising period, due to the different heating
and thermal transition conditions at different parts of the system, the temperature changing is not
uniform, and the one-order linear compensation is not sufficient. Nevertheless, the long-term time
stability still improved by half an order of magnitude, from the original value of 6.8 ps to 2.1 ps over
40,000 s. Although the TDEV of compensated data is not perfect, this post-compensation method is
effective for the delay drift of the whole laser time transfer system.

The experiment is now carried out in the atmosphere where the heat is mainly transmitted through
the air. The instruments are separated and have low heat transport within each other. In the space
application, the entire system will be very small and compact. This is why their temperatures will be
much closer to each other. In addition, the entire instrument will be thermally insulated by thermal
cladding, which will help to reduce temperature changes and hence the system delay drift. Considering
these facts, the temperature drift post-compensation will be more efficient.

5. Conclusions

In this paper, we established a laser time transfer experiment setup to test the system propagation
delay in a room temperature tuning range from 22 ◦C to 34 ◦C and proposed a temperature drift
post-compensation method to compensate the system propagation delay. As a result, the original
system propagation delay drift of 240 ps caused by temperature change was reduced by compensation
of more than two orders of magnitude. The temperature drift coefficient of detection delay was
decreased from the original value of 20 ps/◦C down to −0.05 ps/◦C. The time deviation of detection
delay in the temperature stable period was improved from the original value of 16 ps down to 1.2 ps
over 40,000 s. In the complete experiment, the time deviation was reduced down to 2.5 ps from the
original value of 11.5 ps over 80,000 s. Thus, the post-compensation method used in this experiment
performed a significant compensation for the system delay drift. The corresponding TDEV long-term
stability was increased by a 0.5–1 order of magnitude. With a compact design and other methods such
as thermal isolation, this post-compensation method will help to establish an ultra-stable laser time
transfer system for space application.

Author Contributions: Conceptualization, W.M., G.W. and I.P.; methodology, W.M. and Y.W.; software, W.M.
and Y.W.; validation, G.W. and S.J.; formal analysis, W.M.; investigation, Y.W.; resources, Z.Z. (Zhongping Zhang);
data curation, K.T. and Z.Z. (Zhijie Zhang); writing—original draft preparation, Y.W. and W.M.; writing—review
and editing, W.M., Z.Z. (Zhijie Zhang), I.P. and S.J.; visualization, Z.Z. (Zhijie Zhang); supervision, S.J.; project
administration, G.W. and Z.Z. (Zhongping Zhang); funding acquisition, Z.Z. (Zhongping Zhang), W.M. and G.W.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant number 11774095,
11804099 and U1231107, the Youth Innovation Promotion Association of CAS, id. 2018303, and the Ministry of
Education of the Czech Republic, grant number RVO68407700 and 8H17019.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Prochazka, I.; Blazej, J.; Kodet, J. New technologies for time transfer with picoseconds precision and
accuracy. In Proceedings of the 2012 IEEE International Frequency Control Symposium, Baltimore, MD,
USA, 21–24 May 2012.

2. Meng, W.; Zhang, H.; Huang, P.; Wang, J.; Zhang, Z.-P.; Liao, Y.; Ye, Y.; Hu, W.; Wang, Y.; Chen, W.; et al.
Design and experiment of onboard laser time transfer in Chinese Beidou navigation satellites. Adv. Space
Res. 2013, 51, 951–958. [CrossRef]

http://dx.doi.org/10.1016/j.asr.2012.08.007


Sensors 2020, 20, 6655 10 of 10

3. Guillemot, P.; Gasc, K.; Petitbon, I.; Samain, E.; Torre, J.M. Time Transfer by Laser Link: The T2L2 experiment
on Jason 2. In Proceedings of the 2006 IEEE International Frequency Control Symposium and Exposition,
Miami, FL, USA, 4–7 June 2006.

4. Schreiber, U.; Prochazka, I.; Lauber, P.; Hugentobler, U.; Schafer, W.; Cacciapuoti, L.; Nasca, R. The European
laser timing (ELT) experiment on-board ACES. In Proceedings of the 2009 IEEE International Frequency
Control Symposium Joint with the 22nd European Frequency and Time Forum, Besancon, France,
20–24 April 2009.

5. Cacciapuoti, L.; Schiller, S. European Space Agency I-SOC Scientific Requirements. 2017. Available online:
http://www.exphy.uni-duesseldorf.de/PDF/SCI-ESA-HRE-ESR-ISOC_Iss.1.1_Approved.pdf (accessed on
9 June 2017).

6. Meng, W.; Zhang, H.; Wu, Z.; Prochazka, I.; Buls, E.; Zhang, Z. The New Project and Plan of Ground-Space
Laser Time transfer in China. In Proceedings of the 20th International Workshop on Laser Ranging, Potsdam,
Germany, 9–14 October 2016.

7. Guillemot, P.; Leon-Hirtz, S.; Samain, E.; Exertier, P.; Courde, C.; Laas-Bourez, M.; Martin, N.; Abgrall, M.;
Achkar, J.; Roverat, D. T2L2: 6 years in space. In Proceedings of the T2L2/ELT Workshop, Wettzell, Germany,
20 March 2014.

8. Exertier, P.; Belli, A.; Samain, E.; Meng, W.; Zhang, H.; Tang, K.; Schlicht, A.; Schreiber, U.; Hugentobler, U.;
Prochàzka, I. Time and laser ranging: A window of opportunity for geodesy, navigation, and metrology.
J. Geod. 2018, 93, 2389–2404. [CrossRef]

9. Wu, P. China Manned Space Program Its Achievements and Future Developments. In Proceedings of the
59th Session of COPUOS, Vienna, Austria, 23 March–3 April 2016.

10. Riley, W.J. Handbook of Frequency Stability Analysis; NIST Special Publication 1065; U.S. Department of
Commerce: Washington, DC, USA; National Institute of Standards and Technology: Gaithersburg, MD, USA,
2007; p. 123.

11. Prochazka, I.; Blazej, J.; Flekova, T.; Kodet, J. Silicon Based Photon Counting Detector Providing Femtosecond
Detection Delay Stability. IEEE J. Sel. Top. Quantum Electron. 2019, 26, 1–5. [CrossRef]

12. Wilkinson, M.; Schreiber, K.U.; Procházka, I.; Moore, C.; Degnan, J.; Kirchner, G.; Zhongping, Z.; Dunn, P.;
Shargorodskiy, V.; Sadovnikov, M.; et al. The next generation of satellite laser ranging systems. J. Geod. 2019,
93, 2227–2247. [CrossRef]

13. Prochazka, I.; Blazej, J.; Kodet, J.; Michalek, V. Active quenching and gating circuit of the photon counting
detector for laser time transfer with improved timing resolution and stability. In Proceedings of the Photon
Counting Applications, Prague, Czech Republic, 13–16 April 2015.

14. EvenTech Ltd. Event Timer A033-ET. Available online: http://eventechsite.com/files/A033-ET_datasheet_
Eventech_33c656ea.pdf (accessed on 4 September 2019).

15. Pánek, P.; Kodet, J.; Procházka, I. Accuracy of two-way time transfer via a single coaxial cable. Metrologia
2013, 50, 60. [CrossRef]

16. Prochazka, I.; Kodet, J.; Blazej, J. Note: Solid state photon counters with sub-picosecond timing stability.
Rev. Sci. Instrum. 2013, 84, 046107. [CrossRef] [PubMed]

17. Prochazka, I.; Kodet, J.; Blazej, J. Note: Space qualified photon counting detector for laser time transfer with
picosecond precision and stability. Rev. Sci. Instruments 2016, 87, 056102. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.exphy.uni-duesseldorf.de/PDF/SCI-ESA-HRE-ESR-ISOC_Iss.1.1_Approved.pdf
http://dx.doi.org/10.1007/s00190-018-1173-8
http://dx.doi.org/10.1109/JSTQE.2019.2956864
http://dx.doi.org/10.1007/s00190-018-1196-1
http://eventechsite.com/files/A033-ET_datasheet_Eventech_33c656ea.pdf
http://eventechsite.com/files/A033-ET_datasheet_Eventech_33c656ea.pdf
http://dx.doi.org/10.1088/0026-1394/50/1/60
http://dx.doi.org/10.1063/1.4802950
http://www.ncbi.nlm.nih.gov/pubmed/23635241
http://dx.doi.org/10.1063/1.4948733
http://www.ncbi.nlm.nih.gov/pubmed/27250477
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Temperature Drift Experiment Setup 
	Experimental Data and Processing Methods 
	Results and Discussion 
	Data Processing and Analysis 
	The Temperature Stable Period 
	The Temperature Rising Period 
	Analysis of the Combined Data 

	Discussion 

	Conclusions 
	References

