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(b) Optical frequency transfer link with passive phase noise cancellation
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P 2(b) Xt b 1 4% 48 35 Sl A (37 W 7 400 ) 7573k B 8l A A2 MG 7 40 0 D7 9 55 AR ST 82 4 8 R R A3 400 1 5 ik 3oF
IDAIOE RVEE S/ D S I &) R F 0 DA S ERVAE 3oIE > /NS 582 I R P AN 1 DT e DR R e R )
il 28 SR K P o 18T 3 45 1 X B R A3 MR P T AR 4 B O (T X LG AL 4 T AR X (9) T A e T
RIER L . SR BRI SN U7 B M R 5 B E B0 — B0 Rk 105 A HER TR . Hh, 3250
7 AR AR AR B AR 7 W P W T BRI (R, X = O T AR TR B TR AR O e OB A B SR X B B 0 e e 2
BodtAr TR, 3T, A IS T EEBKTE 1 Hz b 9 D 355 5 8 O 2.0} 10" rad®/Hz, 98l J5 %04 3.1 rad®/
Hz, £ 8074 0.7 rad®/Hz 3438 8 J5 35 K 0.1 rad?/Hz. 78 144 Hz 4b, 3 3h J5 W AR A7 M s B0 T — A~ 2R
ISR T U R TR B U Al AL AR

3 — Free-running

1064 —— Active cancellation
3 T~ —— Passive cancellation |3
~ —— Proposed cancellation|3

\\4\ - 'Ssingle(f)

e - 1/32mh)” S
E s - = 7/3-Qne)? Sygell) T3

107 4 e 112- Q) S 1

MA

10" 4

—
(=)
=3

Phase noise PSD(rad?/Hz)

1023

0.1 1 10 100 1000
Fourier frequency (Hz)

W3 %SEsnE W7 EREET EHNEAMEF D EEEE
Fig. 3 Phase noise power spectral density of active stabilization, passive stabilization and the enhanced stabilization
AR SN = A R R A A 5 v X I A% 3 AR BEREAT 1A W AR . B H s B EE A 1 AP OF B[R]
TR MDEV 2 2.8 X 10", 8 shfa & ik % i MDEV 2 1.6 X 1077, E3h K ik 0 8.0 107, e s A R e
JriE N 3.3X10" AE 100 B0 (] T, 3% 5 B AR J7 15 19 MDEV I8 81 4.6 10 . ol AR 4 T2 s 52

0806002-4



FRE A 2 A9 A A2 el AR R A2 7 R AT 5T

SE JE SR Ay VAR R S O R 2 LA R O I A A B o~ /S () IR SE R —EL

1E-11

1E-13 ‘\\‘\:\
1E-15 \.\'

Modified Allan deviation

1E-17 §|—e— Free-running

—A— Active cancellation

3|—= Passive cancellation
—e— Proposed cancellation

1E-19 —— e Ty

0.01 0.1 1 10 100

Averaging Time (s)

Hd4 ahafTaE(EPLE) TaREFTE(ZABELE) BHARETE(THLE)RBBARE T R (ZRLE)NE
IE M A6 2 o
Fig.4 Modified Allan deviation of free-running link (circles) , active stabilization link (triangles) , passive stabilization link
(squares) and the enhanced stabilization link (diamonds)

(ELASH I A0, O S B i 2R A 07 G 7 k2, i DR R A 238 0 g AT A T s o 4 SF 18 ] 28 LR 33t 7
7 A% 336 2 s A i, L A% 11 S 00 I 9 A O gl I TR — 20 RASE R ST I B RLXE SR g, AR
SCp AT T I 8] [ 25 i 26 %5 R A7 M P 00 i A5CR B2 e o THIE T AN TR] S UEL DL T, 3 5 AR E T ik S R 4t
J7 i AE 1 Hz 2 10 Hz JBE N D R 3054 P B O A A AR S O o 455 IR, 24 60 = 1.50 I, 8 5 20CR 1K B o
D5 5 O i B8 e DL AE £ 0.5, 389 S A5 SR e 5 2 JFUR 1 1/4 5 224 O M B £ 0. 1, 38 380 SRAT) T AR H e AR B 1 9026 &
PRI, 70 55 B 7 T v o o4 I ] [ 20 R 22 4 i 8 0.1 LI, % 300 22 OGP 85 i, 0.1 29 0 0.15 2 /b, SE 3%
GRS A] [F)2P AR BOR B AR A AT, ) anAE R — G T £ i b, mlad i i o3 B2 BOR SE RO R R AR S (]
155 BT 5 10 o) I A% 338, DA ] 3l A2 9023 4% 3 5 I [ ()25 f9 55K 27 ek i) ) 25 AT L o ] 3 325 A XL
1) L X 925 X 4 A9 AR S8 SR A 00 O o KT L A R 2 e FPGA 52 B SE 5 o [R] 25 K BE AR T 7 4
T, 24 235 5 5 5 VO A0 I 2 A B g AR I, 2 ] 52 300 B2 o 0 014 1) ) 25

3 SEb R A g BRI

TE 490km 52 i ' 21§k % 108 P $i2 39 5 78 AR (57 W P A2 5 SR AT 1 R, B SOx FE T A G i 2 4 1 40
D7 R4 5 5 B AL SR E o 200G £ B B P 22 B Db ) 38 45 DG T S I, 1K 245k, g 7 B TR ARG R 1Y
JCAAE DU A A BT S Ty 490km RO BERE o O T AMEDOLE AR, RGP T 7B EDL L R A
(EDFA) BEATSE Z MR o dd 3 ] — A 430 3 3 R e (] g i 38 5 I B8R 1% 36 1% 5 M 3l B s B R N5 5, OF
i T4 7 1 A i 300 9 o R o B S A 2 S A MR A 7 0 5 sk LMD P A T RS ) 0 1 1] o
AR X B SEE , B[R] ) B Tms , X5 490km 4 BE R B3, Tms B XS 1 0.4 17, i b 4% jé 5k % 51 A7 ) 4 =, DR O ] i
AR bR (R R T Y I SEAEO 1.4 Lo R A 22 5 VT SRR S5 R AN S BT o

A LU B B B 1 0 0 1 07 58 500K AR TAE SR S BIUE O A A T B4R T 1E 1s b B9 ADEV B3
T AT IOL T BB (R, Bk AT R A R . AR B 2 ] (0.01s~1s) , 3 56 7 58 1 055 48R
WAL T BRI A, FATT o3 A7 IS DR AT BE 2 490km St £5 A1 Mg 4 1 45 5547 T L00Hz B3I , 10 3 5 5 48 RE 06 A A% 42 T
P Al G DR LM X 2% 00 B MR P AT — S AT R AT B T T A e I AR E B . B A, L 0.4 T Ohy [ B R
T ANTR] IS, L% 51 [ 2 A S A, 0 A SEOR S B S 0 5 v i A A, X 5 5K (8) BBk g R — B

0806002-5



1E-114

1E-12 \\\\‘\\
1E-13

\\Q\\
1E-14 5 )]
1[—=—Passive cancellation \-\\‘

]|—e—Proposed cancellation with 1.41t delay
1E-15 ‘ ‘ et =

0. 001 0.01 0.1 1 10 100
Averaging time(s)

ADEV

WS A HET E(FHEL) A BEARE T E(APEL) N TRz

Fig. 5 Allan deviation of traditional passive cancellation (squares) and the enhanced stabilization link (circles)
) b
4 JE Bk R HP R

Ji B S B A 5 O R R ) — A R A S 2 T A O A 15 A 1R A AR A2 G D Y
SN ERFRIE e LA B AR M LA A5 o SEER R W], 24 A B 253 R I A% 36 2 AR S0RF TG 15 v AR R R AR
3%, BRI 51 A BIUAH PR R 57 AL | 5 6 5 W A2 A RS L T e 0 R R R S A R R P A 7 A J
A T AT R TS Sl A5 R DT e A ] B e 2B A o AR SCER R 9 3 Sl A L 00 1 D 5 v pl S AH B
) 25 B A BRI 51 A 04 J Bk IR, O 36k 1 A SO $2 07 1 T B A Bk i A bk o AR SR AN R, Oy TR DL A
A% B A PR S AV AR AR AT B A R 2515 5 BB T £ 70 IIVEE A AR 7 I VR R R AR R 2E 1R
T EAIABGER LS, LIS DS PR S R G0 b AL R U PR3 B AR s AR AR 6 iR, SR e A
T R I B B e A AR A B A o DR LG [ 6 [ I R R TR R T SRR AR . A
SC $2 34 58k T5 58 R R R0 XL 3B 45 5 B AME AR 5 15 A s B AR 2 BEAT IS A LRI .l TR
T RIS 00 0 i Rl o S T IR 2% 28 B IR R 2% 1 K T AL 3 A5 5 BB B S FL 2 58 D7 52 AR 68 1
i A iz e 3R S 5 LR R A TR B A AN A 5 L I 1 5 ST AR SRR Y v oA R B, 25 2R 18T 6 s o IR it
FEAL TG 1T S AH 20 25 90 RS T B B4 01 B ) 107 92 B 2 490 v £ R L 0 Pt 22 8 O ) Bk v o S I i R
I B A i 2 B B G~ WO B T £ 18 L A M sl B o DR 5 G 8 50 8 O 2 B (3 25 )
W B B 45 ), LA AT A0 1 R b P Al ™ o oAb, TR B A% 3 7 S v, SR DG 2 P A OR B AR AR b O
AL B E 2 A5 1A, I8 T A AR T O A5 I bE o I 24 3 AR R 7 R AR RO R D AR i OB I, JERCR Hs
BN S AR SO SR TR A R R B R R 10 LU .

5 #ig

L L TR AR SCHR Y T — b T OG0 A 36k B B 110 1 i R A6 MR PR R Tk o T R i AR AR i S X A%
1B A5 T HEAT S RS I 0 AR AN 2 AL DB AR 5, P I Ak BEORE AL DR AR 5 AL 15 5 v IR B, DT 2 i 1%
HEBKTERE o G0 X G AR AR M Y RS AR R AT O L BRI T B S AR M . A5 R BRI iR
5 ¥ 1 W P A R OR SR AL B8 3 7 S A% ol AR 490km SEHEOGET EE B R AT, E 2D IRIE T T
J7 SR o RO AR SCIE 3 BT T B A 5 o I 1] ) A5 i 26 X 5 58 R E Y R W, O % J] Bk B4 A 0
RORBEART T 05 HLBUE o AR 75 0k B9 AR 57 38 50 3% T I b BR S B , DR I 7 S0 0T L X 25 L 8 I A B1R 5 64 1 o B
A B E HIE o SR, X T A S I Ak B AR O R 8 5 5 58 A2 BT A R B, A i ST AR BB S
FIA D 1.5 WIS HE 30 T 0 2 LGOLET N 2 o AV B g . Jim 25 ml 3 o G 1 592 36 75 5 of 496 5 S A 12k, 43

0806002-6



AR 45 - Ol 2 A 138 A R A2 7 TR BT 52

200 y T y T y T g T

Phase (rad)

-400

—600 1

— Active phase noise cancellation
— Proposed phase noise cancellation

7800 T T T T 1
0 10 20 30 40 50

Time (s)

B 6t 5 E 5h or R Bk 07 RE R 7 R xR Bk TR R

Fig. 6 Transferred phase of active phase stabilization with cycle slips and proposed phase stabilization without cycle slips

G o R AR O 2 B I Ot A AR T AR A S BEAT SE R AR B AT S AR A 5 AR A S I ]
X5
£ % Uk

[1]

[2]

[3]

(8]

CANTIN E, TONNES M, TARGAT R L, et al. An accurate and robust metrological network for coherent optical fre-
quency dissemination[ J]. New Journal of Physics, 2021, 23(5): 053027.
KOKE S, KUHL A, WATERHOLTER T, et al. Combining fiber Brillouin amplification with a repeater laser station for
fiber-based optical frequency dissemination over 1400 km[J]. New Journal of Physics, 2019, 21(12): 123017.
KADUM E J, JI Jingxian, KUHL A, et al. Optical frequency transfer with below 10 uncertainty using a DFB - laser-
based fiber Brillouin amplifier[ J]. APL Photonics, 2023, 8(3): 036113.
LISDAT C, GROSCHE G, QUINTIN N, et al. A clock network for geodesy and fundamental science[J]. Nature Com-
munication, 2016, 7(1): 12443.
FILZINGER M, CADDELL R A, JANI D, et al. Ultralight dark matter search with space—-time separated atomic clocks
and cavities[ J]. Physical Review Letters, 2025, 134(3): 031001.
CLIVATIC, AIELLO R, BIANCO G, et al. Common-clock very long baseline interferometry using a coherent optical fi-
ber link[J]. Optica, 2020, 7(8): 1031-1037.
SHEN Qi, GUAN Jianyu, REN Jigang, et al. Free-space dissemination of time and frequency with 10" instability over
113 km[J]. Nature, 2022, 610(7933): 661 - 666.
YANG J, KANG J H, LEE K, et al. Phase-stabilized free-space link for optical frequency transfe[ J ]Jr. Optics Communica-
tions, 2022, 504 127481.
HU Zhenyuan, YUE Yaoli, ZHANG Yanyan, et al. Noise suppression of frequency transfer on short-distance optical fiber
link based on 3X 3 fiber coupler[J]. Acta Photonica Sinica, 2023, 52(1): 0106002.
IR, R, KRB, A — Rl T 30X 3O LR ARG 4 0 R B O LR R AL 8 1 M AR Il 7k [T] 61 AR, 2023,
52(1): 0106002.
RAUPACH SM F, KOCZWARA A, GROSCH E. Optical frequency transfer via a 660 km underground fiber link using
a remote Brillouin amplifier[ J]. Optics Express, 2014, 22(22): 26537.
ZHANG Xiang, DENG Xue, ZANG Qi, et al. Coherent optical frequency transfer via a 490 km noisy fiber link[J]. Chi-
nese Physics Letters, 2022, 39(4): 044201.
ZHANG Xiang, ZHOU Qian, ZANG Qi, et al. Optical frequency dissemination via 103-km urban fiber link with remote
passive phase stabilization[ J]. Optics Express, 2024, 32(13): 23784.
GROSCHE G, TERRA O, PREDEHL K, et al. Optical frequency transfer via 146 km fiber link with 10" relative accura-
cylJ]. Optics Letters, 2009, 34(15): 2270-2272.
TERRA O, GROSCHE G, SCHNATZ H, et al. Brillouin amplification in phase coherent transfer of optical frequencies
over 480 km fiber[J]. Optics Express, 2010, 18(15): 16102.
MATEID G, LEGERO T, HAFNER S, et al. 1.5 pm lasers with sub-10 mHz linewidth[J]. Physical Review Letters,
2017, 118(26) : 263202.

0806002-7



¥ %

[30]

[31]

HAFNER S, FALKE S, GREBING C, et al. 8 X 10 fractional laser frequency instability with a long room-tempera-
ture cavity[J]. Optics Letters, 2015, 40(9): 2112 - 2115.

CAMPBELL L S, HUTSON R, MARTI G, et al. A Fermi-degenerate three-dimensional optical lattice clock[J]. Sci-
ence, 2017, 358(6359): 90-94.

YANG Y A, MIKLOS M, TSO Y, et al. Clock precision beyond the standard quantum limit at 107 level[ J]. Physical
Review Letters, 2025, 135(19): 193202.

WILLIAMS A, SWANN W C, NEWBURY N R. High-stability transfer of an optical frequency over long fiber—optic
links[ J]. Journal of the Optical Society of America B, 2008, 25(8): 1284-1293.

NEWBURY N R, WILLIAMS P A, SWANN W C. Coherent transfer of an optical carrier over 251 km[J]. Optics Let-
ters, 2007, 32(21): 3056-3058.

LOPEZ O, HABOUCHA A, KEFELIAN F, et al. Cascaded multiplexed optical link on a telecommunication network
for frequency dissemination[ J]. Optics Express, 2010, 18(16): 16849.

HU Liang, TIAN Xueyang, WU Guiling, et al. Passive optical phase noise cancellation[J]. Optics Letters, 2020, 45
(15): 4308-4311.

ZHANG Xiang, HU Liang, DENG Xue, et al. Passively stable dissemination of ultrastable optical frequency via a noisy
field fiber network[ J]. Optics &. Laser Technology, 2023, 157: 108738.

TERRA O. Dissemination of ultra—stable optical frequencies over commercial fiber networks[ D]. PhD thesis, 2010.
PREDEHL K. A 920 km optical fiber link for frequency metrology at the 19th decimal place[ D ]. PhD thesis, 2012.

DENG Xue, LIU Jie, ZANG qi, et al. Coherent phase transfer via fiber using heterodyne optical phase locking as optical
amplification[J]. Applied Optics, 2018, 57(32): 9620-9624.

XU Dan, LEE W K, STEFANI F, et al. Studying the fundamental limit of optical fiber links to the 10~* level[ J]. Optics
Express, 2018, 26(8): 9515-9527.

ZANG Qi, QUAN Honglei, ZHAO Kan, et al. High—precision time—-frequency signal simultancous transfer system via a
WDM-based fiber link[ J]. Photonics, 2021, 8(8): 12.

CHEN Ding, XU Jiangning, WU Miao, et al. Optical fiber time synchronization technology based on double fiber round-
trip ratio method[J]. Laser &. Optoelectronics Progress, 2021, 58(17): 1706001.

BR T, RVL T, R, AR kT XULE BRI R R 0 O £F ) B R (7). S0t ok T ARk R, 2021, 58(17)
1706001.

CHEN Faxi, L1 Bo, GUO Baolong. Ultra-high precision time transfer based on fiber frequency transfer[J]. Acta Optica
Sinica, 2022, 42(15): 1506002.

Wik, 2200, 0500 . TR B AL 18 10 moRE B2 I R 4508 07 15 [T ] e i, 2022, 59(3) : 1506002.

WANG Dan, DENG Xue, LIU Jie, et al. Optic frequency transfer via fiber based on digital phase unwrap technology[ C].
2023, Joint Conference of the European Frequency and Time Forum and IEEE International Frequency Control Sympo-
sium (EFTF/IFCS).

SINCLAIR L C, DESCHENES J D, SONDERHOUSE L, et al. A compact optically coherent fiber frequency comb[J].
Review of Scientific Instruments, 2015, 86(8): 081301.

CHIODO N, QUINTIN N, STEFANI F, et al. Cascaded optical fiber link using the internet network for remote clocks
comparison[ J]. Optics Express, 2015, 23(26): 33927-33937.

KREHLIK P, SLIWCZYNSKI L., TURZA K, et al. Controlling of the bidirectional amplifier chain for optical frequency
distribution based on a two—dimensional noise detector[J]. Optics Express, 2023, 31(8): 12083-12096.

WANG Dan, LIU Jie, JIAO Dongdong, et al. Purification technique with a hertz-linewidth laser for fiber-based optical
frequency coherence dissemination[ J]. Optical Fiber Technology, 2024, 87: 103923.

Investigation of Phase Noise Compensation Methods for Optical
Frequency Transfer

DENG Xue"??, XUE Wenxiang'**, HE Zaimin"*®, GUANG Wei"*’, ZHANG Xiang', JIAO
Dongdong’
(1 School of Communications and Information Engineering , Xi’ an University of Posts and Telecommunications, Xi’
an 710121, China)
(2 Shaanxi Key Laboratory of Information Communication Network and Security, Xi’ an University of Posts & Tele-

communications, Xi’an 710121, China)

0806002-8



FRE A 2 A9 A A2 el AR R A2 7 R AT 5T

(3 The Youth Innovation Team of Shaanxi Universities, Xi’an 710600, China)
(4 National Time Service Centre, Chinese Academy of Sciences, Xi’an 710600, China)

Abstract: Phase noise induced by transmission media, such as optical fiber or free-space, is a primary
factor influencing the quality of transferred optical signals. Conventional active or passive noise cancellation
schemes are fundamentally limited by the intrinsic round—trip propagation delay of their transfer links,
resulting in a degradation of phase—locked loop bandwidth and suppression capability as the transmission
distance increases. This paper proposes an enhanced compensation method that synergistically combines
real-time cancellation with post—processing. By temporally aligning the compensation signal with the noise
signal before cancellation, the impact of fiber delay is reduced, thereby improving noise suppression
performance. The proposed enhanced phase noise compensation method is applicable to both active and
passive noise cancellation schemes. It utilizes an additional measurement of the free—running beat signal
alongside the real-time compensation signal. By taking the difference between the phase of the free-running
beat signal and that of the real-time compensation signal with a delay of 1.5 7, a correction signal is
generated. At the user end, the transmitted signal is delayed by 0.5 z and differentially processed with the
correction signal to achieve enhanced phase noise suppression. In the passive compensation scheme, the
free—running signal itself serves as the compensation signal, which is delayed by 1.5 z. Theoretical analysis
reveals that the noise suppression capability of the proposed method is 4 times that of the conventional
active scheme and 28 times that of the passive scheme.To validate the method, a 300 km fiber — based
optic frequency transfer simulation was conducted. The fiber was divided into 30 segments to model phase
noise accumulation during laser transmission, and a phase noise model based on the power spectral density
characteristics of actual fiber links was adopted. The simulation was performed with a sampling rate of 20
kHz and 10" sampling points. The results demonstrate that the proposed enhanced method significantly
outperforms conventional active and passive compensation techniques. The simulation results show that the
Modified Allan Deviation (MDEV) at an averaging time of 1 second is 2.8 X 107" for the free-running
link, 1.6 X 10" for the passive method, 8.0 X 107" for the active method, and 3.3 X 10" for the
enhanced method, representing an improvement over the active method and a factor of four over the
passive method. The method was also verified on a 490 km communication fiber link. The real-time
transferred signal and the free-running in—loop signal were simultaneously measured using the same
frequency counter. By post-adjusting their relative delay according to the proposed method and taking their
difference, enhanced phase noise suppression was achieved. The relative delay was adjusted using the
counting measurement interval of 1 ms, with the nearest achievable delay being 1.41 z. The instability of
the proposed enhanced suppression scheme is significantly improved compared to the conventional passive
locking method, with an ADEV improvement factor of approximately 4.37 at 1 second, thereby validating
the effectiveness of the scheme. The study also investigated the impact of time synchronization deviations
between the two ends of the link on compensation performance and simulated the suppression of cycle slips
caused by the limited dynamic range of the phase detector in the active scheme. Regarding time
synchronization accuracy, optimal enhancement is achieved when 8t = 1.5 7. Deviations within £0.1 ¢
maintain 90% of the optimal performance, corresponding to approximately 0.15 milliseconds for a 300 km
fiber link—a technically achievable requirement. Furthermore, the proposed method effectively eliminates
cycle slips induced by the limited dynamic range of the phase detector through post—processing, thereby
further improving transfer accuracy. In summary, this paper proposes an enhanced phase noise
compensation method for optical frequency transfer links. By performing real-time compensation of the
transmitted signal at the local end, measuring the phase noise compensation correction signal, and
subsequently removing the correction signal from the transmitted signal via post—processing, the method
significantly improves link performance. Simulations and practical experiments validate the theoretical
derivations. The results show that the transfer instability of the proposed method is four times better than
that of conventional passive schemes. The study also analyzes the impact of time synchronization errors on
system performance and verifies the suppression of cycle slips. This method is applicable to high—precision
optical frequency transfer systems and provides a valuable reference for research and development in related
fields.

Key words: Fiber optics links and subsystem; Phase noise cancellation; Frequency transfer; Fiber; free
space
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