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Background
Time：One of the seven International System (SI) of units with the highest measurement accuracy 
Precise time and frequency have important applications in cutting-edge scientific research, 

communications, national defense and other fields

Cutting-edge 
scientific research

NavigationCommunications

Atomic/Optical clock Time-frequency transfer

 Optical fiber is the best transmission 
medium for ground-based time-frequency 
transfer systems.

 The stability and accuracy of 
microwave/optical atomic clocks 
continue to improve.

Spectroscopy
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Principle of optical time-frequency transfer
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Research progress (Fiber link)
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Research progress (Free-space link)
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Challenges of optical frequency transfer

① In-loop phase noise 
detection and cancellation

③ Cycle-slip measurement 
and compensation

 Large phase detection
range and cancellation
bandwidth

 Strong environmental 
adaptability and high 
robustness

② Out-of-loop phase noise 
suppression

 Avoid precision 
temperature control and 
length matching

 Peal-time measurement 
and compensation

 Real-time measurement and 
compensation method

 Software algorithms 
(Kalman filtering, deep 
learning, etc.)

AO
M

1

AO
M

2

Clock AClock A Clock BClock B

FRM FRM
Bidirectional 

fiebr, amplifiers
Bidirectional 

fiebr, amplifiers

PLLPhase
detector

FNCFNC

Active phase noise
cancellation (ANC)

CW Laser

Cavity
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① In-loop phase noise detection and cancellation
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① In-loop phase noise detection and cancellation
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~

CW Laser

Cavity

CW Laser

Cavity

𝜔௦

𝜔 𝜔

𝜑 𝑡

𝜔 𝜔

𝜑 𝑡
𝜑 𝑡

2𝜑 𝑡  2𝜑 𝑡 ൌ 0
PLL locked：



11

① In-loop phase noise detection and cancellation
 Passive phase noise cancellation (PNC)
 No need for large dynamic phase detection and complex servo control
 Large dynamic range and fast compensation speed

Compensation speed comparisonPNC with large dynamic range
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② Out-of-loop phase noise suppression

Traditional
method

Cascaded
system 

architecture

Local site Laser repeater station Remote site Test method

Novel
method

∆𝑓 ൌ 2𝜋𝑓
∆𝑙
𝑐 ሺ𝛼  𝑛𝛼ஃሻ

∆𝑇ሺ𝑡ሻ
∆𝑡 1 cm path length error (1 °C@3600s)  1E-19/1800s (Allen deviation)
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② Out-of-loop phase noise suppression

Temperature coefficient measured results

Measurement system

Coefficient Organization (Method)No

1 fs/K
France (fiber optic, active + 

passive temperature control)
1

1.86 fs/K
Germany, US (Free space optical 

devices)
2

9 as/KSJTU (fiber optic, no control)3

Temperature coefficient test results

Extremely low temperature 
coefficient (9 as/K)
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③ Cycle-slip measurement and compensation

Optical carrier-based phase measurement
 High precision (1550nm~5 fs)

 Existing cycle ambiguity  cycle slips

Effect of SNR on phase error/cycle slip
Effect of cycle slip on the

fractional frequency instability

Cycle slips effect on the phase measurement
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③ Cycle-slip measurement and compensation
 Cycle-clip compensation
 Kalman filter

 Neural network

Flow chart of the cycle-slip compensation
algorithm based on Kalman filtering Cycle-clip phase compensation with Kalman filter
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③ Cycle-slip measurement and compensation

 Long Short Term Memory (LSTM)
high filtering ability
poor long-term predication capability

Cycle slip suppression ability 
comparison

Filtering effect comparison

 Radial Basis Function (RBF)
 long-term correlation data
 less training set required

Cycle-clip phase compensation with neural network

Flow chart of the cycle-slip compensation
algorithm based on neural network
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Multiple-node free-space optical frequency transfer
 Chip-based free-space transfer
 PLC: 1 to 16-channel
 Passive phase noise compensation
 50 m free-space link
 4.5×10-17/ 1 s
 7.7×10-20/ 20,000 s

Schematic diagram of the multiple-node system

Experimental setup PLC circuit characteristic ADEV results
L. Hu, et al., Free-space point-to-multiplepoint optical frequency transfer with lens assisted integrated beam steering, 71, 1-10, 2022
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Doppler shift suppressed optical frequency comparison
 Free-space optical 

frequency comparison
 Time-delay based Doppler 

effect suppression method
 1.2 km free-space link
 3.45×10-19/ 1,000 s

Schematic diagram of the multiple-node system

ADEV results
Influence of delay error on Doppler frequency shift compensation

Z. Qiu, et al., Nearly-continuous kilometer-scale free-space optical frequency comparison in the presence of Doppler shift, 73, 1-10, 2024
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Field-deployed fiber link measurement
 Part of a high-precision ground-based timing system（NTSC）
 Two parallel fiber links with one fiber length of 1960 km


