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We demonstrate coherent optical frequency dissemination over a distance of 972 km by cascading two spans where
the phase noise is passively compensated for. Instead of employing a phase discriminator and a phase locking loop in the
conventional active phase control scheme, the passive phase noise cancellation is realized by feeding double-trip beat-note
frequency to the driver of the acoustic optical modulator at the local site. This passive scheme exhibits fine robustness and
reliability, making it suitable for long-distance and noisy fiber links. An optical regeneration station is used in the link for
signal amplification and cascaded transmission. The phase noise cancellation and transfer instability of the 972-km link
is investigated, and transfer instability of 1.1x10~!% at 10* s is achieved. This work provides a promising method for
realizing optical frequency distribution over thousands of kilometers by using fiber links.

Keywords: optical frequency transfer, fiber link, phase noise cancellation

PACS: 06.30.Ft, 42.81.—i, 95.55.Sh

1. Introduction

The development of optical clocks urgently needs high-
precision optical frequency transfer, which plays an impor-
tant role in various scientific applications.!!™! Fiber links
have shown great performance in optical frequency distri-
bution with instability at 10720 level for hundreds or even
thousands of kilometers,®®! enabling numerous scientific
researches such as atomic clock comparison, fundamental
physics, geodesy, and astronomy. >*~'11 In 2022, the compar-
ison of two transnational ultra-stable lasers was demonstrated
based on coherent optical frequency transmission. Two links
added a total distance of 2220 km, allowing the lasers to be
transferred to an intermediate node for comparison.!'!! Uti-
lizing fiber links for optical frequency dissemination offers
advantages such as low loss at communication channels, im-
munity to electromagnetic interference, and access to a global
telecommunication network. However, a challenge of optical
frequency transmission through fiber is the inherent Doppler
frequency shift, which is caused by the change of fiber length
and refractive index introduced by environmental disturbances
(such as temperature changes and vibrations), which will re-
duce the stability and accuracy of the transferred signal.!!>!3!
A phase locking loop (PLL) is typically used in the system to
actively reduce Doppler noise by applying a fiber interferome-
ter configuration to detect and compensate for round-trip phase
noise of the link.!"*"!7] Nevertheless, the propagation delay of
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the signal constrains the feedback bandwidth and noise can-
cellation. Particularly, for long-distance noisy fiber links, the
phase noise is substantial and variable, and the signal-to-noise
ratio (SNR) is greatly worsened due to power attenuation, am-
plifier noises and fiber nonlinear effects. As the phase noise
detection is obtained by the demodulation of round-trip beat-
note after signal amplification, filtering, and frequency di-
viding, and all these signal processing units require an SNR
not less than 20 dB-30 dB. Therefore, a poor SNR could
lead to inaccurate phase detection, which in turn leads to
sudden interruption of PLL and limits the long-term perfor-
mance of transmission system. As an alternative approach,
passive phase correction has a more compact and straightfor-

(18191 which directly feeds the acousto—optic

ward structure,
modulator (AOM) with the negative and half frequency value
of the beat-note between the round-trip light and reference sig-
nal. As a result, the phase noise brought by environmental dis-
turbances is compensated for without PLL, which greatly sim-
plifies the configuration and improves the device reliability.
Proof-of-principle experiments of passive phase noise cancel-
lation in optical frequency transfer have been demonstrated,
and instability of 107! had been shown in a 145-km spooled
fiber link and 490-km urban link.!"®2%1 For the applications
in the intercontinental optical clocks, it is necessary to deliver
optical frequency in very long-distance fiber links, which re-
quires transmission devices to have high reliability and robust-
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ness. Hence, with a simpler and stabler structure, the passive
phase suppression provides a promising method for realizing
long-haul optical frequency dissemination. Cascaded transfer
configuration is a common choice for long-distance frequency

distribution, 78

accordingly, we conduct the research on cas-
caded optical frequency transport adopting passive phase noise
cancellation.

In this work, we perform optical frequency transfer in a
distance of 972 km by using a passive phase noise cancella-
tion scheme, with two AOMs at the local site, the free-running
signal detection and phase stabilization are accomplished re-
spectively. In the first section, the passive phase correction
scheme is illustrated. Then we introduce the organization of
the 972-km cascaded link and the optical regeneration tech-
nique. Finally, the results are given, showing a transmission
instability of 1.1 x 1071 at 10* s.

2. Passive phase noise cancellation scheme

Figure 1 shows the schematic diagram of the passive
The ultra-stable laser (fp)
is launched into x-type single mode coupler 1 (SMCI) for
double-trip phase noise detection. The SMC1 sends half of the
signal to Faraday mirror 1 (FM1) and another half to SMC2.
The SMC2 splits the optical signal into two parts with a ratio

phase correction configuration.

of 50:50. One part is injected into acoustic optical modula-
tor (AOM) 2 for transfer, while another part passes through

FM1 f
fo e

E __EJSMCI SMC2

r
| PD
1
1

AOMLI (fy) for free-running noise detection. The beams sepa-
rated by SMC2 join together passing through SMC3, and then
are launched to the fiber link. At the end of the fiber link,
the beams pass through AOM3 (f3) and are divided by SMC4
into 90% and 10% parts. The 90% of the transferred beam
is reflected to the sender by FM2, which interferes with the
reference reflected from FM1. Therefore, the photon diode
(PD) at the local site detects the round-trip beat-note with a
radio frequency (RF) of 2(f; + f3), which possesses both for-
ward phase noise and backward phase noise. Assuming that
the phase noise in the outgoing direction and the return direc-
tion are roughly equal, dividing the frequency of the round-trip
beat-note by 2 results in an RF signal of one-way phase noise
with a frequency of (f + f3). By setting the drive frequency of
AOM2 to nearly —(f + f3) and feeding the divided RF signal
to AOM2, the fiber noise is passively compensated for. The
polarization states of the reference signal and return signal are
kept consistent by using Faraday mirrors at the sender site and
the receiver site. In our case, f; = 110 MHz, f3 =50 MHz, and
f» = —160 MHz. With two output signals at the receiver, the
free-running signal with a shifted frequency of 160 MHz and
the stabilized signal with a shifted frequency of —110 MHz,
unstabilized phase noise and stabilized phase noise can be
measured simultaneously. To reduce the effects of backscatter
noise on the signal detection of PD, the fiber components are
mainly connected through fiber fusion, and the few connectors
used in the link are angle polished connectors (APC).

—
Dforward
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Fig. 1. Schematic diagram of passive phase correction setup, with FM denoting Faraday mirror, SMC representing single mode coupler, and

PD referring to photon diode.

Due to transmission delay, the phase noise of forward sig-
nal and backward signal are not totally correlated, which sets

(12,191 The phase noise of

a limitation to the noise suppression.
the fiber is accumulated from the beginning to the end of the

fiber, and it is given by

L
Puingle (1) = /0 850 (2,1 — (10 —2/cn))dz, )

where §¢(z,t) represents the phase shift introduced when the
signal passes through position z at the time ¢, 7 is the time for
the signal to travel one-way trip, ¢, is the speed of light in the
fiber, and L is the length of the fiber link. The phase noise for

the double-trip signal is displayed as follows:

Ddouble (I) = /OL [6¢(Z,l _Z/C")
+5(p(z,t—(2‘co—z/cn))}dz. 2)

The residual phase noise of the transmitted signal after the pas-
sive phase correction is

1
Presidual (t) = Qsingle (t) - E(Pdouble (l - TO)
L
= [ 130G —(=z/e)
1
- 55(,0 (z,t —T0—2z/cCn)

330~ Bu-z/a)]d B
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Using the Fourier transform, the above equations are both
transformed into the frequency domain, and equation (3) be-
comes

L
Presidual (®) :/0 {CXP [iw <TOCZ>}6¢(17(D)
1 . 2\ |sa
—5exp | —io T°+E ¢ (z,0)
_ %e—iw(%ofz/cn)g(p (Z,CO)} dz.

5]

) 591010

“)

Since e + e ¥ =2cosx

L
Presidual (©) = / [exp [—ia) (r
0

Y wz
—e 200 o5 | Ty — —
Cn

n

L
Sresidual () :/o <’—2$in((m:0)sin(

n

L U ., @
= Ssingle(a))/o Z 4sin ((DT())SII]

1 .
= Ssingle (o) [2 + 2sin? (w7))

At low frequencies, 7o < 1, then equation (6) approximates

1
Stesidual ((D) ~ Ssingle (CO) |:2 +2 ((’)"‘70)2

(wro - % (wro)3> }

(wTO)ZSsingle (w)
(27 T0)? Single (©) -

11

2 0T

)

W3 Wl

Equation (7) is the theoretical limitation of phase noise
suppression, where Sgingle is the free-running fiber noise, 7o is
the delay time, and f is the Fourier frequency. The loop band-
width is \/12/772 /47,11 which is also limited by 7). As a
result of the difference in feedback mechanism, the noise sup-
pression and loop bandwidth of passive technology are both
marginally less effective than the active scheme based on PLL.
As is well known, for the active scheme, the residual phase
noise is defined as Sgingte - (2770 f )2 /3, and the loop bandwidth
is 1/47y.121415.17]

To verify the behavior of passive phase noise com-
pensation, 500-km-long optical frequency dissemination via
spooled fiber link is investigated. By comparing the trans-
ferred signal at the receiver site with the reference signal at the
local site, the unstabilized phase noise and the stabilized phase
noise are detected simultaneously. Figure 2 shows the phase

() ()
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n

The phase noise spectral density is defined as S(®)
{|@(@)|?). The total phase noise spectral density integrates
all the elements in the fiber since the phase noise of the light
inside the fiber is uncorrelated in position.[?!! Then,

) z><¢<w>2>dz
)| )=
@z Z)} dz

®
Z) +sin? (a)ro +—=
Cn
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Sii 0]
) +1isin (a)ro + e 7smgle( ) dz
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11
~3omn sin(a)ro)cos(wfo)] .

6

\
noise power spectral density (PSD) of the 500-km link. It in-
dicates that the phase noise is effectively canceled within the
loop bandwidth by feeding the half of frequency of round-trip
beat-note to the AOM at the local site. The feedback band-
width is about 40 Hz, and the stabilized phase noise exhibits
good agreement with the theoretical prediction. For compar-
ison, the theoretical calculation with active method is also
shown in Fig. 2. At lower frequencies, the active residual noise
is lower than that generated from the passive method, but it
should be noted that the PSD also has a loop bump at 100 Hz.

10°
— l\lrIcasurcd unstabilizcd 500-km fiber Ilink noise
" N —— Measured stablized 500-km fiber link noise
Jan [ Theoretical residual noise with passive method
-~ P w | |\ Theoretical residual noise with active method
% 1073 Ul
& LT Unstablized 500 km
Na) i ' P ‘ " ‘ﬂ V r“’”ﬂw\'n'wh\‘h
=) H I PWW\““L'W“'MJ Active|method
n 1 WL
2 10" | LA
: |
R E 1]
2 i
o101 ]
£
£ T Ml
! RN
10-3 — Stablized 500 km

T T
10! 102
Frequency (Hz)

oo

Fig. 2. Phase noise of 500-km-long spooled fiber, with violet line denoting
unstabilized phase noise, red line representing stabilized phase noise, green
dash line referring to theoretical residual noise with passive method, and gray
line assigning to theoretical residual noise with active method.
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3. The 972-km-long optical frequency transfer
link

To examine the performance of long-distance optical fre-
quency distribution by using passive phase noise cancellation,

two-cascade coherent optical frequency transmission via 972-

Sender mf

500 km

——
Regenerative
laser

km-long fiber is demonstrated. As shown in Fig. 3, the transfer
link consists of two spans: a 500-km-long spooled fiber link
and a 472-km urban fiber link. The entire setup is made up
of two similar phase noise compensation devices for the two
links and a regenerative amplification devise between the two

spans.

__________________

Receiver

Fig. 3. Schematic diagram of 972 km transfer link.

Ten 50-km-long spooled fibers constitute the 500-km-
long link with attenuation of 0.2 dB/km, and five bi-directional
erbium-doped fiber amplifiers (Bi-EDFAs) are used to com-
pensate for the optical loss. Bi-EDFA’s gain is restricted to be-
low 18 dB in order to prevent lasting effects, thus, only tens of
uW of the transmitted signal are received at the end of the 500-
km-long link. Hence, to achieve enough optical signal power
for the second cascaded transmission, a high-gain optical am-
plification is required. We use optical regeneration to amplify
the transmitted signal with a gain of up to 50 dB, by phase-
locking a fiber laser (linewidth ~ 1 kHz) to the upcoming sig-
nal from the previous transfer cascade. The optical regener-
ation is realized by using both slow frequency correction and
fast phase locking.[!>??1 The slow frequency control is demon-
strated by the piezo-electric transducer (PZT) with a response
rate of 1 kHz, and the fast phase locking is achieved via AOM
with a response rate of tens of kHz. Then the regenerative laser
is injected into the second transfer span, which is made up of
a 472-km-long urban link. The transmitted signal through the
first span is phase-stabilized by a passive phase compensation
scheme, so as to realize the second cascade. The power of the
signal injected into the second link is about 1 mW, which is
equal to the power of the input signal for the first span.

The second link is a 472-km-long urban telecommuni-
cation fiber that is comprised of three urban fiber links lo-
cated in Shaanxi Province, China with average attenuation of
0.28 dB/km. Eight Bi-EDFAs are used in the link to balance

the optical loss. For each span, there is an optical monitor
for estimating the transfer performance. Through setting the
frequency difference between the regeneration laser and the
transmitted signal after AOM4 to be 110 MHz and the fre-
quency shift of the repeater station to zero, the effect of dif-
ferent time bases can be eliminated. By dividing a long link
into multiple shorter ones, the loop bandwidth and phase noise
compensation depend on the length of each span, thus, the en-
tire cascaded transfer link has wider loop bandwidth and larger
phase noise cancellation ratio, therefore, it exhibits potential in

very-long-distance transmission links.

4. Results and discussion

Phase noise of the link is investigated by measuring the
beat-note between the transferred signal at the end of the link
and the original signal, which is feasible, for the senders and
receivers are located in the same laboratory. The free-running
phase noise of the 500-km-long fiber link and 472-km-long
fiber link are displayed in the insert of Fig. 4. As can be ob-
served, the phase noise of an urban link is much larger than
that of a spooled link with the same length, which is mainly
due to the different ambient factors.

Figure 4 shows the phase noise PSD of the free-running
972-km-long link and stabilized 972-km-long link. The con-
trol loop bandwidth of the link is about 40 Hz, which is lim-

ited by the propagation delay 7y with a reciprocal relation of
f < +/7/1272 /475,11 where 1 is one-way propagation time

020602-4
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of each single link. Comparing with the active phase noise
compensation, the passive scheme has no bump in the loop
bandwidth, which avoids the accumulation of bumps in each
span and improves the reliability of the transport system. The
phase noise cancellation is also restricted by propagation delay
with a ratio of 7 (277 f)* /3. As seen in Fig. 4, the stabilized
972-km-long link reaches the theoretical limitation.

3 T T T
- 2 106 I

—~ 106 3 . z v U 472 km|

N E Free-running 972 km £ . -

an 5 ] RN IR Y

= 105 4 Z LT YA

":‘g 2w ]
1 s Unstabilized 500 km A

) 104 3 g 108 -

N 3 £ 10 lour Tor (Hl)o.»

a E Frequency (Hz

»n 103 4

A | Stabilized 972 km o g‘%‘

Q 2 ] I \ 1 Ol 1)

@ 10 3 ‘ i |: il | '\t { () 1

] E M | A h
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7] EAL (I H ‘f‘

g 100 __: ‘ | ' — Free'running' 972-km link

[al § —— Stabilized 972-km link

10-1 1 - - - - Theoretical stabilized 972-km link

100 10! 102
Frequency (Hz)

Fig. 4. Phase noise PSD of unstabilized 972-km-long link (black line), stabi-
lized 972-km-long cascaded link (red line), and theoretical residual noise of
stabilized 972 km (blue line); phase noise PSD of unstabilized 500-km-long
link (pink line), and unstabilized 472-km-long link (green line).

To investigate the long-term performance of the 972-km-
long link, the out-loop beat-note between the reference signal
and the output signal of the entire cascaded link is measured
by using a frequency counter (K+K) working in A-type mode
with 1-s gate time, because the sender and receiver are located
in the same laboratory. Transfer instability versus time is eval-
uated by calculating the modified Allan deviation of the fre-

quency data, and the results are shown in Fig. 5.
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Fig. 5. Transmission instability of (500 km+472 km)-long link, with red
line denoting modified Allan deviation of the unstabilized 972-km-long link,
and black line referring to stabilized 972-km-long link.

The unstabilized 972-km-long link shows an instability
of 3.7 x 10713 at an averaging time of 1 s. With phase con-
trol, the transfer instability of the 972-km-long link reaches
3% 10715 at an averaging time of 1s, 1.7x10~!% at 4000 s,

and 1.1 x 10719 at 10* s, which verifies the reliability of pas-
sive phase noise cancellation in long-distance transfer of op-
tical frequency. The asymmetry between AOM1 and AOM2
of the setup has an influence on the transmission instability,
because the phase noise it introduced cannot be compensated
for. To reduce the effects of the asymmetry, the length of
the connection fiber of the setup is shortened by fusing the
fiber, and the optical setup is placed in a sound-insulation box,
which reduces the influence of vibration. In addition, for fur-
ther stabilization of the optical length, the box is temperature-
controlled to a range of about 10 mK. However, the slow tem-
perature variation in the laboratory still causes a tiny bump at
an averaging time of two hundred seconds, and high-precision

temperature-control will reduce the influence.

5. Conclusions

In conclusion, we demonstrated a 972-km-long cascaded
optical frequency transfer by using passive phase noise can-
cellation, reaching a transmission instability of 1.1x107!% at
10* s. Two AOMs are used at the sender site for the passive
phase control technology: one is for phase noise cancellation
and the other is for phase noise detection. Without using any
PLL electronic circuits, the phase noise is suppressed by feed-
ing the radio beat-note frequency to the AOM at the sender
site, preventing a servo bump in the transferred signal while
also making the system more compact and robust. The ad-
vantage of the passive phase compensation technology is its
suitability for long-distance transfer link and noise transfer
link without sudden interruptions introduced by over phase-
corrections from the servo loop. Future comparisons of opti-
cal clocks over very long distances may be able to benefit from
these efforts.
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