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Background

dTime: One of the seven International System (SI) of units with the highest measurement accuracy
QPrecise time and frequency have important applications in cutting-edge scientific research,
communications, national defense and other fields
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> The stability and accuracy of
microwave/optical atomic clocks
continue to improve.
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Averaging time [s]
> Optical fiber is the best transmission

medium for ground-based time-frequency

transfer systems.
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Principle of optical time-frequency transfer
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Research progress (Fiber link)
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Challenges of optical frequency transfer
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@ In-loop phase noise @ Out-of-loop phase noise

detection and cancellation suppression

> Large phase detection > Avoid precision > Real-time measurement and
range and cancellation temperature control and compensation method
bandwidth length matching > Software algorithms

> Strong environmental > Peal-time measurement (Kalman filtering, deep
adaptability and high and compensation learning, etc.)
robustness
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@ In-loop phase noise detection and cancellation
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1 Passive phase noise cancellation (PNC)

@ In-loop phase noise detection and cancellation

© No need for large dynamic phase detection and complex servo control
© Large dynamic range and fast compensation speed
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@ Out-of-loop phase noise suppression
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@ Out-of-loop phase noise suppression
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@3 Cycle-slip measurement and compensation
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@3 Cycle-slip measurement and compensation

Q Cycle-clip compensation

¢ Kalman filter

& Neural network
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@3 Cycle-slip measurement and compensation

EICycIe clip phase compensation with neural network
¢ Radial Basis Function (RBF)

© long-term correlation data 10
© less training set required Z z
0
L
2 ) | 2
# Long Short Term Memory (LSTM) £-101 Chase w eyele slips 8 inital phase
© high filtering ability - EaBl;nan ;q?diﬁ;ation A o- Kalman ﬁltering‘
— modification —— LSTM filtering
r long-term predication ili
® poor long-term predication capability o 2000 4000 aops o : A " -
o2 Time [S] Time [S]
a b 10"
@ .. EIN» o e
Input Procedure 1 H 1 0.14 2
hd o Prer () o > 1071
- [ L T J = 2 o
I - network Procedure 2 Q l0"5 i Q 10 1
ol Gl oiip < —0O— phase w cycle slips | < {—o— inital phase
detection 10°'¢  —O— Kalman modification| 10"° 4—0— Kalman filtering)
Lo e ... E|' i %—A— LSTM filtering |
- EIRRE]e Fse, o D e e e TR e A
- IOU IOI , .IO‘ 103 100 ]0| 102 103
| Prsmu (0+1) LSTM Averaging time [s] Averaging time [s]
network
Procedure 3 . . .
_ _ Filtering effect comparison Cycle slip suppression ability
Flow chart of the cycle-slip compensation comparison

gy algorithm based on neural network VAN —o N mi




i TN '

LI Background and motivation

N ¢ '}-";
8 N » . \.'—‘ X
N B i T

YAl Challenges and solutions
\“v“‘-‘s-' g = r

tI Fiber/free

-




a Chip-based free-space transfer
¢ PLC: 1 to 16-channel
¢ Passive phase noise compensation
¢ 50 m free-space link
& 45x10"/1s
& 7.7X1029/ 20,000 s
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Experimental setup
n L. Hu, et al., Free-space point-to-multiplepoint optical frequency transfer with lens assisted integrated beam steering, 71, 1-10, 202
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Q Free-space optical
frequency comparison

¢ Time-delay based Doppler
effect suppression method

¢ 1.2 km free-space link
& 3.45x1019/ 1,000 s

1064
> ]0-I7_
m
a
<
107 e - —
w/o time delay
w 1 us delay
I w 2 us delay
—— w 4 us delay
10" T ———— T — T N
10° 10' 10° 10°

Averaging time [s]

ADEYV results

EZ. Qiu, et al., Nearly-continuous kilometer-scale free-space optical frequency comparison in the presence of Doppler shift, 73, 1-10m§%7|_8JT m

L;] Free-space
module

FM

=}
3

Frequency
Counter

|
LAl

20 25
Insertion loss [dB]

Schematic diagram of the multiple-node system

Probability

=)
=
b

[ |

30

- 10° - 10 ms
ol@ = = ~12km TWC = ® |
107 R Er T ms
-~ 3 4
E. 10 0.1 ms
E 10717 & 10 ps
A @ 10
< o I ps
10 - % | 0.1 ps
210 4 Ay
At=1 ps At=0.1 ps| =) 10 ns
At=10 ns——At=1ns A
10 ' J T RN 1o” 'E MEQO Ins
10° 10' 10? 10° 10° 10° 0 10*
Averaging Time [s] Height [km]

Influence of delay error on Doppler frequency shift compensation




Field-deployed fiber link measurement

O Part of a high-precision ground-based timing system (NTSC)
O Two parallel fiber links with one fiber length of 1960 km
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