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We demonstrate a 300-km +200-km cascaded coherent phase transfer via fiber link. The transfer is divided into a
300-km span and a 200-km span with independent phase locking loops, aiming to extend the phase control bandwidth of
the whole link. The phase noise and transfer instability of the cascaded transmission are investigated and compared with
those in the case of a single-span 500-km transfer. We achieve the transfer instabilities of 1.8 x 107 1% at 15, 8.9x 10720 at
10* s for the 300-km +200-km cascaded transmission, and 2.7x 1014 at 1 s for the 500-km single-span transfer.

Keywords: optical frequency, fiber link, transfer
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1. Introduction

High-precision optical frequency has various applica-

tions in many fields, [1.2]

such as fundamental physics,
geodesy,’] metrology,*>! erc. In recent years, optical clocks
have reached and even exceeded 10~!® in accuracy and
instability,!®7] allowing high-accuracy measurements in many
areas provided that the ultra-stable signal is transferred to the
users without quality degradation. So far, fiber link is the
only method meeting the requirements for optical clock trans-
mission, which has reached 1072 level in transfer precision
for thousand-kilometers dissemination.!®! There are two chal-
lenges of optical frequency transfer via fiber links: Doppler
shifts introduced by the fiber length fluctuations and opti-
cal loss along the fiber. Through detecting the round-trip
phase noise and actively modulating the frequency by using an
acousto—optic modulator (AOM) in the sender site, the trans-
mitted phase can be stabilized within a propagation-delay-
limited bandwidth,>!%! though out-band phase noise cannot
be compensated for. Compared with the single-span trans-
fer, the cascaded transfer improves the bandwidth of phase
locking loop (PLL) by separately controlling each shorter

(811121 The optical loss is another factor to be over-

segment.
come, which is not negligible for long-distance fiber link with
a typical attenuation of 0.2 dB/km. Optical amplifiers such as
bi-directional erbium-doped fiber amplifier (bi-EDFA), fiber
Brillouin amplifier (FBA), and Raman amplifier are usually

used in the fiber link to compensate for optical loss. As an
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alternative for the optical amplifier, the optical regeneration
is capable of providing a high gain by locking the phase of
a local oscillator to the transferred phase!'!! and it is usu-
ally used in cascaded transfer configuration due to its one-
way property. In recent years, many scientific groups have
investigated frequency dissemination via fiber links.[!3-13] In
2013, an optical frequency transfer over 1840 km was demon-
strated in Germany, 20 bi-EDFAs and 2 FBAs were used to
compensate for 420-dB optical loss induced by the link, and
a transfer instability of 4 x 107! at 100 s was achieved with
a PLL bandwidth of 27 Hz.['%] The bi-EDFA, as a fairly ma-
ture commercial optical amplifier, has played a great role in
extending the single-span transfer distance. However, with the
extension of single-span transfer distance, the PLL bandwidth
is linearly narrowed due to the propagation delay. In 2010,
Lopez et al. developed a cascaded configuration to transfer op-
tical frequency.!!") A 300-km transfer link was established by
connecting two stabilized 150-km fiber link with a regenera-
tive amplifier, obtaining a transfer instability of 5 x 10720 in
20 h.['" The cascaded transfer has an advantage in PLL band-
width over single-span transfer and provides a method for net-
work dissemination. Nevertheless, the direct comparison be-
tween the cascaded scheme and single-span scheme has not
been demonstrated to our knowledge. Furthermore, the sys-
tem of controlling the cascaded scheme is more complex with
several PLLs in it, and residual phase noise of the last segment
may affect the phase detection and stabilization of the next
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segment, and thus increasing the control complicacy. Hence,
it is significant to study the phase noise and instability of each
segment to further investigate the characteristics of the cas-
caded transfer.

In this paper, we present a cascaded 300-km +200-km
optical frequency transfer by using spooled fiber link. Provid-
ing 46-dB gain, a regenerative amplifier is used after 300-km
transfer. The phase noise and transfer instability of each span
are investigated, so is the dependence of transfer instability
of entire link on the segmental instabilities. The 500-km cas-
caded link reaches a transfer instability of 1.8 x 1071% at 1 s
and 8.9 x 10720 at 10* s. For comparison, we also investigate
the coherent phase transfer over a 500-km single-span link.
The comparison of PLL bandwidth and phase noise cancella-
tion between the two schemes is conducted. The results show
that the single-span configuration possesses a weaker phase
noise cancellation and a transfer instability of 2.7 x 10~!4 in
1 s. The theoretical relation between the instabilities of un-
equal segmental cascaded link and single-span link is deduced
in the paper, and the experimental results are discussed. This
work sets a platform for studying the multi-node optical fre-
quency transfer networks.

2. Optical regeneration

Optical regeneration locks the phase of a local laser to
the phase of incoming signal to realize optical amplification,
which shows a much narrower amplification bandwidth than
bi-EDFA and FBA. Figure 1 shows the schematic diagram
of regenerative amplification. Input signal (power 40 nW,
linewidth 2 Hz, wavelength 1550.12 nm) is split into two por-
tions by single mode coupler 1 (SMC1) with a ratio of 90: 10.
The 90% portion is injected to the SMC2 for phase detec-
tion, while the 10% portion serves as a reference signal. An-
other input of the SMC2 comes from the local optical oscil-
lator (linewidth 1 kHz, NKT E15, wavelength 1550.12 nm)
that has passed through an acousto—optic modulator (AOM).
The SMC3 also has a ratio of 90: 10, the 10% output is sent
to SMC2 for heterodyne detection, and the 90% output is
launched for use. The heterodyne signal is detected by a photo
diode with a bandwidth of 250 MHz. By demodulating the
heterodyne signal with a local radio frequency (RF), the phase
difference between the input signal and the optical oscillator
is derived, then fed into the AOM and piezo-electric trans-
ducer (PZT) of the optical oscillator through servo systems.
With a large dynamic range (8 GHz), the PZT deals with slow
frequency drifts and roughly maintains the frequency differ-
ence between the input signal and output signal at a firm value
(—160 MHz). The AOM has a much higher response rate and
suppresses phase noise with a wide bandwidth (tens kHz band-
width). Combination of AOM and PZT is able to lock the
two lasers with mHz relative frequency fluctuations for several

days. The output of the amplification is 16 mW, corresponding
to 56-dB gain.
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Fig. 1. Schematic graph of optical regeneration based on heterodyne phase
locking. SMC: single mode coupler; PD: photo diode; PS: power splitter;
AOM: acousto-optic modulator.

To estimate the features of regenerative amplification, the
phase noise power spectrum density (PSD) of the regenera-
tive amplifier from 1 Hz to 0.1 MHz is investigated with a
fast Fourier transfer (FFT), and the phase noise PSD of the
input laser and free-running local oscillator are both studied.
All of them are shown in Fig. 2. The free-running local os-
cillator shows much greater phase noise (black line) than the
ultra-stable input laser (red line). Through phase locking, the
phase noise of the local oscillator is significantly suppressed
within the control bandwidth. The blue line shows close-loop
phase noise of the beat-note signal between local oscillator
and input laser. For Fourier frequency less than 600 Hz, the
phase noise of the regenerative amplification is negligible as
it is much lower than that of the input signal. The bump at
7.7 kHz shows the bandwidth of the phase locking loop. For
Fourier frequency higher than 7.7 kHz, the regenerative laser
shows a phase noise consistent with that of the free-running
oscillator. Thus, the regenerative amplifier also plays a role of
optical filter with a bandwidth of 7.7 kHz. In addition, the uni-
directionality of regenerative amplifier enables the insulation
of the back reflections, while the bi-directional EDFA cannot
avoid the back reflections nor Rayleigh scatterings which may
induce lasing effects.

T T T T
free-running local oscillator
input laser

108

)

E regenerative amplifier
e

T 10t

—

~

o)

n

A 100

v

2

o}

S|

o 104

n

@

<

[a )

-8 1 I 1 1
100 10t 102 103 10 10°

Fourier frequency/Hz

Fig. 2. Plots of phase noise PSD versus Fourier frequency for phase noise
of the free-running local oscillator (black line), input laser (red line), and
regenerative amplifier (blue line).
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3. The cascaded 300-km -+200-km optical fre-
quency transfer

A cascaded 500-km coherent phase transfer link via fiber
is established, which is constituted by a phase-controlled 300-
km link and 200-km link. The optical signal is amplified by
the regenerative amplification after 300-km dissemination (the

optical gain is 46 dB with 0.35-uW input power and 16-mW
output power), then the amplified signal is injected into the
next 200-km link. Ten 50-km spooled fibers are comprised of
the 300-km +200-km link with an attenuation of 0.2 dB/km.
The schematic diagram of the transfer setup is shown in the

following Fig. 3.

receiver

second span

optical
regeneration

Fig. 3. Setup of cascaded 500-km transfer link. SMC: single mode coupler; PD: photo diode; AOM: acousto—optic modulator; Bi-EDFA:

bidirectional EDFA; FM: faraday mirror; RF: radio frequency generator.

Two bi-EDFAs are used in the 300-km link, one EDFA
every 100-km transfer, each providing 17-dB gain. One bi-
EDFA is used in the 200-km link with a gain of 17 dB. The
laser source is an ultra-stable laser (wavelength 1550.12 nm,
linewidth 2 Hz) stabilized to an optical cavity by using Pound-
Drever—Hall (PDH) method.!!'”) The laser is split into two parts
by a 90: 10 single mode coupler: the 90% portion is applied
to the 300-km transfer while the 10% portion serves as a ref-
erence to estimate the transfer precision. The 300-km transfer
span consists of a sender, a 300-km fiber link, and a receiver.
In the sender site, the major part of laser passes through an
x-type coupler with a ratio of 50:50, 50% signal is injected
into the AOM1 and another 50% signal is sent to the Fara-
day mirror 1 (FM1). The AOM1 (110 MHz) serves as a phase
compensation device of the servo system. The FM1 reflects
the signal to the photo diode which will beat with the return
signal from the receiver site, thus the double-trip phase noise
is detected and compensated for by AOMI1. In the receiver site,
90% of the transferred light is sent back to the sender by FM2
along the same path, while the 10% of the transferred light is
injected into the regenerative amplifier. After optical regener-
ation, the optical signal is sent to the second span for cascaded
transfer, which has a similar structure to the cascaded transfer
for the first span. The phase noise of each span is investigated
by measuring the beat-note between the signals before and af-

ter each span transfer. The phase noise PSD of the first span

and second span are both shown in Fig. 4(a).
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Fig. 4. Plots of phase noise PSD versus Fourier frequency of (a) stabi-
lized first span (black line) and stabilized second span (red line) where
phase locking bandwidth of each span is shown, (b) unstablized 500-km
link (black line), stabilized 500-km cascaded link (purple line), stabi-
lized 500-km single-span link (red line), theoretical stabilized 500-km
cascaded link (yellow line), and theoretical stabilized 500-km single-
span link (blue line).
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In Fig. 4(a), the bump at 146 Hz of the black line indicates
that the phase locking loop bandwidth of the 300-km transfer
is 146 Hz, and it is 240 Hz for the 200-km span. Phase noise
of the 200-km span is measured with both the 300-km span
and regenerative amplifier in-lock. According to Ref. [10],
the theoretical phase locking loop bandwidth of the Doppler
shift cancellation is less than 1/47) due to propagation delay,
where 7 is the single-trip propagation time. For 300-km link
and 200-km link, the theoretical PLL bandwidth are 166 Hz
and 250 Hz respectively, which are coincident with the exper-
imental values.

The PLL bandwidth drops to 70 Hz for a single-span
500-km transmission link as shown in Fig. 4(b), meaning a
worse phase control than the cascaded scheme. The single-
span phase noise cancellation versus Fourier frequency is also
subjected to Ty, and the residual phase noise ratio is limited
by (270 f)?/3, where f is Fourier frequency.!'”! Figure 4(b)
shows free-running phase noise of 500-km link and stabilized
phase noise of cascaded 500-km transfer and single-span 500-
km transfer, and it is clear that the cascaded scheme illustrate
a better phase noise cancellation. The phase noise cancella-
tion reaches a theoretical limit for both two transfer schemes.
Hence, segmental phase control can improve both PLL band-
width and phase noise suppression ratio compared with the
single-span scheme.

To investigate the long-term performance of the 300-
km 4200 km link, the out-loop beat-note between the refer-
ence signal and the output signal of each segment and the
whole cascaded link are measured by a frequency counter
(K+K) working on Pi-type mode, owing to the fact that the
senders and receivers are located in the same laboratory. And
transfer instability versus time is evaluated by calculating Al-
lan deviation and modified Allan deviation of the frequency

data, which is shown in Fig. 5.
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Fig. 5. Transfer instability versus averaging time for Allan deviation of
unstabilized 300-km link (black line), stabilized 300-km link (red line),
stabilized 200-km link (blue line), stabilized 500-km link (green line),
and modified Allan deviation of stabilized 500 km (orange line) as well.

The unstabilized 300-km link shows a bad performance
at long averaging time due to the Doppler shifts induced by
slow temperature perturbations. While the 300-km fiber link is
stabilized, a transfer instability of 8.0x 10~ 771 is achieved,
where 7 is the averaging time. With the first span stabilized
and transferred signal regenerated, transfer instability of the
second span is investigated by measuring the beat-note of sig-
nals before and after 200-km link, reaching 8.0 x 10715 s~I,
At averaging time from 200 s to 10* s, the instability of sta-
bilized 200-km link gradually deviates from the 1/7 slope,
which may be caused by asymmetric parts in the second in-
terferometer or cycle slips. In fact, the 200-km link should
have shown a better short-term transfer performance than the
300-km link attributed to its shorter distance, nevertheless,
the residual phase noise from the first span has a negative
effect on phase noise cancellation and the instability evalua-
tion of second-span transfer. The transfer instability of the
whole 500-km span is also shown in Fig. 5, and it achieves
1.8x107 147! expressed as Allan deviation, and approxi-
mately 1.8x1074773/2 expressed as modified Allan devia-
tion, indicating the dominating noise is white phase noise. At
10* s of averaging time, the transfer instability of the 500-km
link reaches 8.9 x 1029, According to 0 = 4/ 612 + 622, where
o is the Allan deviation of the whole link and o7 and &, are
Allan deviations of each span,[lg] Allan deviation of the cas-
caded 500-km link can be deduced from that of 300-km span
and 200-km span to be 1.1 x 1071471 which is basically in
agreement with the experimental result.

4. Comparison between cascaded scheme and
single-span scheme

The single-span transfer scheme has a simple structure
with a single PLL to compensate for the phase noise of the
whole link, yet, PLL bandwidth is exclusively limited by the
fiber length, so a thousands of kilometers’ transfer leads to tens
of hertz’s bandwidth. To compare the two transfer schemes,
500-km single-span transfer including a sender, 500-km link
and a receiver is also investigated. The fiber link is still com-
prised of the ten spooled fibers positioned in the same envi-
ronment. Four bi-EDFAs are used in the 500-km single-span
link. The phase noise of the single-span 500-km transfer is
shown in Fig. 4(b), and delay-limited phase noise suppression
is achieved. The transfer instability of the two transmission
schemes is shown in Fig. 6. The stabilized single-span 500-km
link obtains a transfer instability of 2.7 x 10747~ slightly
worse than the transfer instability in the cascaded scheme.
The superiority of the cascaded scheme will be further im-
proved with the increase of the number of cascades. Theo-
retically, it has been proven that cascaded scheme is N times
more than single-span scheme in transfer instability for homo-
geneous link, where N is the number of equal-length cascaded
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(19201 For the unequal segmentation case, we deduce

segments.
the relation between the instabilities of the stabilized cascaded
link and single-span link from phase noise cancellation ratio

and the following equation?!]

(1) = \/./:S(f)sin4(7rfr)/(7tfr)2df, )

where S(f) is the PSD of the link. The relation between the in-
stabilities of the stabilized cascaded link and single-span link
is expressed as

Ocascade = 4/ a% + a% + +aﬁ Gsingle 2

where a,, is the ratio of n-th length to the total length. In this
case, 300-km +200-km cascaded transfer should be 1.9 times
superior to the 500-km single-span transmission in transfer
instability. The corresponding instability of cascaded trans-
fer should be 1.4x 107147~ though the experimental value is
1.8x10747~! The mismatch may be caused by phase noise
introduced by the asymmetry parts of the interferometers and
the influence of residual phase noise of the first span on the
phase stabilization of the second span. By carefully setting
parameters of the loop filters based on the characteristics of
link phase noise, the negative effect of the forward cascade on
the later cascade can be reduced to a certain extent. So it is
especially important for multi-cascade link to design the loop
filters according to phase noise characteristics of each link. To
reduce the influence of asymmetry parts of interferometers,
temperature control, vibration isolation and acoustic noise re-
duction are necessary.
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o 10— 14 —a— single-span transfer (ADEV) 4
I
g 10715} :
i
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= —16 L 4
3 10
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H‘-‘ 10-17¢ 4
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100 10! 102 103 104

Averaging time/s

Fig. 6. Allan deviation of single-span 500-km transfer (squares) and
cascaded 500-km transfer (circles).

5. Conclusions and perspectives

In this work, a cascaded 300-km +200-km transfer is
demonstrated, reaching a transfer instability of 8.9 x 10720 at
10* s by stabilizing each span separately. The phase noise of
each span is investigated, and measured PLL bandwidths for
the 300-km span and 200-km span are 160 Hz and 240 Hz re-
spectively, consistent with their corresponding theoretical val-
ues. The PLL bandwidth for the single-span 500-km link is
only 70 Hz. Hence, cascaded transfer scheme can provide

preferable phase noise cancellation, which is verified in our
work by comparing phase noise cancellations and transfer in-
stabilities of the two schemes. The relation between the insta-
bilities of cascaded link and single-span link is also discussed
in the paper. Since the superiority of the cascaded transfer
is related to the cascade number, multi-cascaded transfer is a
promising method of lengthening distance transfer and noisy
links, although complexity of the transmission system will in-
crease at the same time. A challenge of the cascaded transfer is
the residual phase noise of the last cascade transferring to the
next cascade, which needs to set suitable loop filter for each
link. And it is necessary to reduce the asymmetry parts of the
interferometers by shortening the length of fibers and employ-
ing temperature control and vibration isolation. In future, we
will work on multi-segment cascaded transfer and investigate
the characteristics of phase noise suppression of each span for
high-precision long-distance optical frequency transfer.
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