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In this paper, we present a remote time-base free technique for a coherent optical frequency transfer system via fiber. At

the remote site, the thermal noise of the optical components is corrected along with the link phase noise caused by

environmental effects. In this system, a 1 X2 AOM is applied at the remote site, with the 1st light being used to
eliminate the noise of the remote time base and interface with remote users while the Oth light is used to establish an
active noise canceling loop. With this technique, a 10 MHz commercial oscillator, used as a time base at the remote site
doesn’t contribute to the noise of the transferred signal. An experimental system is constructed using a 150 km fiber

spool to validate the proposed technique. After compensation, the overlapping Allan deviation of the transfer link is 7.42
X 103 at 1 s integration time and scales down to 1.07 X 10-'8 at 10,000 s integration time. The uncertainty of the
transmitted optical frequency is on the order of a few 10-"°. This significantly reduces the time-base requirements and
costs for multi-user applications without compromising transfer accuracy. Meanwhile, these results show great potential
for transferring ultra-stable optical frequency signals to remote sites, especially for point-to-multi-users.

PACS: 42.62.Eh;42.82.Bq,;42.55.Wd;62.25.Fg,

1. Introduction

Optical atomic clocks have been developed rapidly in
recent years'. The distribution of these high-precision
clock reference signals is significant and has many
important applications, such as geodesy, fundamental

physics, timekeeping, global navigation, and astronomy!>9.

Optical fiber links offer an ideal solution for users to
coherently transfer stable optical frequency signals to
remote sites, particularly for long-distance transmission
and multi-users access to high-performance time and
frequency signals’©16, Currently, remote ultra-stable
laser comparison has been realized through optical
frequency transmission via the field fiber link with 2,220
kilometers length by M. Schioppo et al. in 2022017,

Unfortunately, the environmental temperature
variations, vibration, and mechanical perturbations along
the fiber links will dominate the fluctuations of transfer
delay of the fiber links and introduce additional phase
noise to the optical frequency signal. To overcome this
problem, a local site active noise compensation technique
was demonstrated by Ma et al for the first time in 1994,
which generally obtained the phase error from a beat note

signal of round-trip and reference light to feed a servo
system!'8, Based on this local phase noise cancellation
scheme, various noise compensation links have been
demonstrated by several research groups and have
achieved remarkable results with point-to-point
structuresl'¥24, A point-to-multi-point access structure via
the fiber topology model at local site compensation was
demonstrated by Gesine Grosche in 201425, After that
more flexible solutions using the branching method for
optical frequency transfer with remote site compensation
have been proposed26?), In these schemes, the error
signal is obtained by beating the single trip light against
the third trip light in the fiber link, and the phase noise is
compensated at the remote site. So, the remote time base
has an influence on the precision of the transferred signal.
In contrast, Ref [28] and [29] have achieved time-base-free
optical frequency distribution at the remote site, avoiding
the time-base noise accumulation with the growth of
users. In their system, to eliminate the influence of time-
base, an AOM is equipped out of the transfer loop at the
remote site while its thermal noise and the additional
mismatch of optical fiber cannot be compensated,
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Figure.1 Diagram of the remote site compensation experimental setup; OC, optical coupler; FM, Faraday mirror; AOM, acousto-optic
modulator; Bi-EDFA, bidirectional erbium-doped fiber amplifier; DDS, direct digital synthesizer; PD, photo-detector; Mixer, frequency
mixer; BPF, band-pass filter; LPF, low-pass filter; TOF, tracking oscillator filter; SG, signal generator.

which will affect the transmission performance in an
unstable external environment. Otherwise, Xue et al
demonstrated a novel remote site passive compensation
technique for transferring the optical frequency through a
branching fiber link. In their experiment, a high
transmission instability was achieved to 3.7 X 1019 at
10,000 s integration time with the same time-base®”. In
addition, the noise floor and transfer performance are
effectively optimized by precise temperature control (~10
mK) of the transfer system at local and remote sites.
However, the temperature control will increase the cost
and complexity of the system. Hence, the most effective
and simplest method is to design a remote site
compensation-based optical frequency transfer system
with a 10 MHz timebase free and temperature-
insensitive structure by properly designing the fiber optics
system.

In this paper, we demonstrate a novel time-base free
optical frequency transfer method via a 150 km fiber link
with remote site compensation. In our experiment, we
utilize special choosing RF frequencies and a commercial
10 MHz oscillator to realize time base independence at the
remote site. By optimizing the optical path design and
inserting the phase compensation device into the
compensation loop, the sensitivity of the transmission
system to temperature changes can be further reduced,
and the transmission performance can be improved. The
induced phase noise of the fiber and the thermal noise of
the optical devices are compensated by the active noise
cancellation technique. By comparing the transferred

optical frequency signal against the reference light, the
150 km fiber link relative instability is 7.42 X 10 at 1 s
integration time and scales down to 1.07 X 108 at 10,000
s integration time as the 1/7 slope. Meanwhile, the
frequency uncertainty is a few 10 in this link. Otherwise,
this scheme has an optimized mismatch of the
interferometer and a better noise floor without
temperature control in the system, showcasing its
potential for ultra-stable optical frequency signal transfer
among point-to-point or point-to-multi users. The paper is
organized as follows. First, we illustrate the principle of
time-base free at remote site compensation. Then, the
experimental setup and the results are demonstrated
including the instability in the time domain, the phase
noise in the frequency domain, and the frequency transfer
accuracy. Finally, the results are analyzed.

2. Principle

In this remote compensation scheme, the laser source is
a commercial narrow-linewidth fiber laser (Koheras Basik
E15) operating at 1550.12 nm with a linewidth of 0.1 kHz.
Fig.1 shows the diagram of the experimental setup for
optical frequency signal transfer through the fiber link.

The initial electric field £, of the light from the laser can

be expressed as (1)

E, = Acos(at +¢,)

)



where A, is the amplitude, @, is the angular

frequency, and ¢, is the phase of this transfer light. Then,

the light passes through a 1 X 2 fiber optical coupler 1
(OC1) and a 2 X 2 OC2 to acousto-optic modulator 1
(AOM1). Here, the light is firstly frequency-shifted +50
MHz and the AOM1 driving frequency is from direct
digital synthesizer 1 (DDS1), which is synchronized with
the local rubidium clock time-base. Then the electric field
becomes

E'= A'cos[(@y + @400 )t + By + Pyon1 ] @)

@ ,op1 =27x50MHz and ¢,,,,, are the driving

angular frequency and phase of AOMI1. Then, the
transferred light is coupled into the fiber link with a
power of ~5 mW. For compensating fiber link loss (~0.2
dB/km), two bidirectional erbium-doped fiber amplifiers
(Bi-EDFASs) are installed in the link.

When the fiber link output light arrives at the remote
site, it 1s firstly frequency shifted by -152 MHz through
AOM2, in which the electric field E" of the -1st diffracted
signal is

E"= A"co[(0, + ® 0y, — @ yopss )t + By +

3
¢A0M1 - ¢AOM2 + ¢_ﬁber]

At this time, the noise from the fiber link ¢,, . and the

effects of AOM2 are added to the transmitted light. AOM3
is a specially designed device, and the 1X2 structure has
two output arms, that the Oth arm directly passes the
light without frequency shift, while the 1st arm light is
driven by DDS3 with a frequency of +102 MHz. Here, the
Oth arm light and two Faraday mirrors (FM) form an
active phase-locked loop with the 1 X 2 OC3. Assuming
the fiber link phase noise in forward and backward
directions is equal to the disturbance from the
environment, the electric fields of the single trip and the
third trip are expressed as (4) and (5):

m __

= A"cos[(@y + @ 0011 = D402+ &y +

0th @
Diont — Paona + ¢ﬁber +iom3
E, = Acos[(@y + 3@ )1, =300t + &y + )

Oth
3¢AOM1 - 3¢A0M2 + 3¢ﬁber +3 At0M3

Photodetector 2 (PD2) extracts the phase noise by beat
notes £ and FE, . Consequently, this term of PD2, which
carries twice the phase noise given by (6), and the beat
note frequency is 204 MHz. Within the feedback

bandwidth, the fiber-induced phase noise can be
eliminated.

1, 24" 4,cos[(2w ) = 20,00, +

2¢A0M1 - 2¢AOM2 + 2¢ﬁber + 2¢%’M3

DDS4 generates another 204 MHz RF signal whose
electric field is E, ¢, = Appss(@ppsat + Pppss) - Then

®)

the signal is mixed with /. and the error signals are

flitted to the servo system. The servo system makes

@ 4001 ~ D yop12 = Oppss and

o . )
¢AOM1 - ¢A0M2 + ¢ﬁber + ¢A0M3 = ¢DDS4 achieves the link
phase noise compensation.

When the transfer link is compensated, the single trip
light of the remote site at the AOMS 1st arm is (7)

1
E,, = Ascos[(@, — @ppg, + a)AtéM3)t +4,

1th
_¢DDS4 + AOM 3

)

. 1th 1th
Notice, here the @,,,,, and ¢,,,, depends on remote

. 1th _ 1th _
time-base, so make @,,,,; = @pps, a0d @013 = Pppey -

Consequently, the £ =FE is

out st

E  =A cosl(@)t+¢,] ®)

out

We can see that Eom is not affected by the local or
remote time base from ().

3. Experimental Setup and Results

We have shown the diagram of the experimental
configuration in Fig.1. The transfer link is 150 km and
consists of two fiber spools: one span is 100 km, another
span i1s 50 km, and the single trip loss is more than 30 dB.
Two Bi-EDFAs with a gain of 16 dB are placed at the link
to compensate for the fiber loss. To achieve a heterodyned
beat note signal at PD1, we up mix the drive frequency of
AOMS3 to 107 MHz by mixer 2 with a signal generator (RS
SMB100A) that locks on the local rubidium clock. With
this configuration, we obtain a 5 MHz beat note signal by
combining the AOM3 1st arm light and the local laser
reference light with the 1 X2 OC5. Because of the complex
RF signals in the system, a DC-5 MHz low-pass filter
(LPF) 1 is applied after PD1 and a 100-110 MHz band-
pass filter (BPF) 2 before the SMA interface of AOMS3.
Meanwhile, a tracking oscillator filter (TOF) is equipped
after the PD2 to amplify and stabilize the signal
amplitude with a center frequency of 204 MHz. Mixer 1
down mixes the DDS4 signal and the in-loop signal to
obtain an error for the servo system. Here, these two
signals are both divided by 204 to 1 MHz with two
programmable digital frequency dividers. To guarantee
that the system is working properly, a DC-100 kHz LPF2
is applied after the mixer. In addition, the drive amplitude




should be taken into account and carefully adjusted to the
Oth and 1st diffracted light powers of the AOMS3.

-11

w" grer———rr———rrr Ty
i- /'V/*/*k é

whp v 1

F — X4

w0t 1

= F E
s f |
S 107 |- -
e,

r Ry 1

F —8— 10 MHz commercial oscillator ~ E

10 1 & —e— 10 MHz commerecial timebase "‘i\ E

F —&— Rubidium timebase i ]

F —%— Free running link 3

10™ F —$— System noisge floor ; i s

1 10 100 1000 10000

Averaging time][s]

Figure.2 The overlapping ADEV of the 150 km fiber transfer link
at remote site compensation. The pink triangle curve is the free-
running link. The red dot and blue triangle curves are
compensated link of 10 MHz commercial time-base and rubidium
clock time-base, respectively. The black square curve is the
commercial 10 MHz. And the green triangle curve is the system
noise floor.

To measure the performance of the compensation link,
we use a no-dead-time frequency counter (FXE K+K) with
the IT -type mode and a gate time of 1 s to record the out-
loop data and calculate the Overlapping Allan Deviation
(OADEV) in the time domain. The results as shown in
Fig.2, the relative frequency instability of the light after
the compensated fiber link with the rubidium clock time-
base is 8.43 X 10> at 1 s integration time, decreases and
reaches 1.16 X 108 at 10,000 s integration time (blue
triangle curve) with the 1/7 slope. The red dot curve
llustrates the OADEV result of the 10 MHz commercial
time-base in which the 1 s integration time is 7.42 X 10’15
and scales down to 1.07 X 10" at 10,000 s integration
time, also as the 1/ 7 slope. From these two instability
results, it becomes evident that when the transfer link is
compensated, the remote site time-base doesn’t affects the
transfer precision, as the transfer results are very similar
and not affected by the time base. As a comparison, the
black square curve illustrates the OADEV of a
commercial 10 MHz oscillator as the remote time base.
The pink triangle curve is the free-running link when the
remote compensation system is off. In our experiment, it
is observed that the stability of the optical frequency is
improved by approximately 4 orders of magnitude at
10,000 s integration time by the remote site compensation
system. The green triangle curve shows the noise floor of
the 1 m transfer link by active phase noise cancellation.
Here, we find that the noise floor reached the 102 level at
2,000 s integration time, which is more than two orders of
magnitude in the short term (1 s) and one order of

magnitude in the long term (4,000 s) lower than the
compensation link in this system, while the OADEYV slope
1s limited by the temperature variation-induced length
fluctuation of the interferometer mismatch fiber in the
measurement system.
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Figure.3 The phase noise PSDs of the 150 km fiber transfer link.
The green curve is the free-running link. The red and blue curves
are the compensated link and the theoretical limitation,
respectively.

To analyze the phase noise of this link in the frequency
domain, a phase noise analyzer (Rohde & Schwarz
FSWPS) is utilized to measure the phase noise power
spectral density (PSD) for both compensated and free-
running configurations over the 150 km optical signal
transfer, as depicted in Fig.3. When the link is free
running, the green curve illustrates that the phase noise

PSD S, (f) agrees with formula (9 type below 200

Hz as the yellow dashed line, mainly limited by the flicker
phase noise.

Sﬁber (f) = hO /f2 (9)

where [ is the Fourier frequency, ho is dependent on

environmental disturbances of fiber links, and equals 10
in this 150 km transfer system. Once the compensation
system 1s engaged in the remote site by the users, the
relative phase noise is effectively canceled down by
approximately 50 dB at 1 Hz, shown as the red curve. The
compensated phase noise PSD is close to 10* rad¥Hz in
the low-frequency range of between 0.5 Hz to 10 Hz,
which means that the compensated fiber link is mainly
constrained by the white phase noise after stabilizing the
transfer link. Meanwhile, according to the results of the
red curve, it can be seen that the feedback bandwidth of
the system is about 167 Hz (1/87 )29, The theoretical

phase noise S, ... (f) limitation from free-running is
calculated by (10)22 29




1
Stheoretical (f) = g (27Z'ff)2 Sﬁber (f) (10)

and plotted as the blue curve in Fig.3, and it has a good
agreement with the compensated link.
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Figure.4 (a) The frequency deviation of the 150 km fiber transfer
link. The frequency data were recorded by the frequency counter
with 1 s gate time (green points, left axis). We calculated
unweighted mean (I -type) values for all cycle-slip free 500 s
long segments, resulting in 51,000 data points (orange dots, right
axis, enlarged scale). (b) Histograms (green bars) and Gaussian
fits (green curves) for frequency values as taken with IT -type
frequency counters with 1 s gate time, and orange bars and
curves for 103 phase-coherent 500-second frequency averages.

For further evaluation of this compensation system, we
also evaluate the accuracy of optical frequency transfer.
Fig.4(a) shows the frequency deviations of the recorded
data by the FXE K+K counter with a 1 s gate time and
IT -type mode. The data are measured over successive
51,000 s (green point, left axis). We can obtain 103 points
by averaging the data every 500 seconds, as shown in
Fig.4(a) (orange points, right axis). Histograms and
Gaussian fits of the frequency deviation are also shown in
Fig.4(b). To better show the details of the distribution, the
frequency deviation axis has been enlarged by 1000 times.
According to the Gaussian fit in Fig.4(b), the calculated
results demonstrate that the mean frequency is shifted by
7.9 f# Hz (-4.1 X10%), and the standard deviation of the
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