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Microwave frequency transfer over 3000-km fiber based on optical frequency
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Time and frequency transfer plays an important role in the fields of navigation and positioning, remote
sensing, and fundamental physics. The performance of long-haul frequency transfer is ultimately limited by
accumulated phase and amplitude noise in fiber propagation. In this work we overcome these limitations and
demonstrate a frequency transfer system over 3000 km of indoor spooled fibers via repetition-frequency-locked
frequency combs, which benefit from the extremely high signal-to-noise ratio. With the help of the digital
phase discrimination and compensation method and active power stabilization, the dramatic phase and amplitude
variations are sufficiently suppressed, respectively, which results in the residual instability 7.5×10−14 at 1 s and
1.0×10−16 at 10 000 s, without optical-electrical-optical recovery by the regeneration system. Our results mark
a breakthrough in building large-scale, high-precision synchronization networks.
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I. INTRODUCTION

Transferring the state-of-the-art atomic clocks’ frequency
instability via optical means (i.e., optical time and frequency
transfer, O-TFT) provides a pathway and infrastructure for
numerous fields, including the redefinition of the fundamen-
tal unit of the “second” [1–3], navigation and positioning
[4,5], remote sensing [6,7], and fundamental physics, such
as atomic clock comparison [8–10], fundamental constants
measurements [11,12], and dark matter detection [13,14].

There are two methods to realize O-TFT. One is based
on the phase of the continuous-wave optical carriers, and
the other one is based on the phase of the radio-frequency
signal loaded on the optical carriers. The former approach
has achieved a significant milestone with a high-performance
remote transfer spanning 1840 km, demonstrating stability
levels of 2×10−15 at 1 s and 4×10−19 at 100 s [15,16].
The latter method, which achieves the 10−16 order stability
after a long averaging time, is capable of transferring most
of the microwave clock signals [17–21]. The O-TFT can be
implemented both in the free space and in the commercial
fiber. The free-space scheme has made dramatic progress
in hundred-kilometer-order transfer in past decades [22–27],
while the O-TFT via installed optical fibers, benefiting from
the shielded environment, has great potential to achieve unin-
terrupted long-haul transmission [28,29].
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Particularly, for the radio-frequency O-TFT, introducing
long-distance fibers inevitably brings multiple technical chal-
lenges. First of all, compared with short links, the link
attenuation resulting from several thousand kilometers of fiber
exceeds hundreds of decibels, and using multiple electrical
repeaters to realize optical-electrical-optical conversion and
recover the signal’s energy remarkably increases the link
noise. Moreover, temperature-induced phase drift in long
fibers, proportional to the fiber length, easily exceeds the
range of the phase discriminator and the analog phase shifter,
resulting in fast losing lock. In order to preserve the signal-to-
noise ratio (SNR) and ensure the instability in long-distance
frequency transmission, it is generally necessary to use an
electrical repeater to recover the reduced SNR [30–32]. Nev-
ertheless, increasing the construction of an electrical repeater
will not only increase the potential noise sources of the
whole system but also greatly complicate the infrastructure.
As a countermeasure, it is essential to develop an optical-
frequency-comb–based (OFC-based) non-electrical-repeater
radio-frequency transmission, because of their high SNR and
the potential to maintain for longer distance in the fiber link
[19–21,33–35].

In this work we extend the non-electrical-repeater OFC-
based link using two carrier-envelope-offset (CEO)-free
combs to 3000 km of fiber by overcoming severe phase and
amplitude fluctuations induced by the ultralong fiber link. A
series of technical breakthroughs have reduced the instability
of the system dramatically. Firstly, in the fiber link we develop
the low-noise erbium-doped fiber amplifiers (EDFAs) with the
noise figure (NF) below 4.0 (typically 3.8), which is closer to
the EDFA 3-dB noise limit in comparison with commercial
devices. The channel attenuation beyond 600 dB induced
by the 3000-km link is well compensated by the cascaded
EDFAs. Secondly, we suppress the relative intensity noise
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FIG. 1. Experimental setup. The Rb clock’s signal is multiplied to 100 MHz, fed into the direct digital frequency synthesizer (DDS,
for phase conjunction compensation), and loaded to the local OFC’s repetition frequency with the locking control system (LCS). The local
OFC signal serves as the carrier and is transferred to the remote site through the laboratory 3000-km link C32 channel of dense-wavelength
division multiplexer (DWDM). The attenuation and dispersion are compensated by bidirectional erbium-doped fiber amplifiers (bi-EDFA) and
dispersion compensation fiber (DCF). At the remote site, the arrived optical signal power is actively stabilized and converted to an electrical
signal with the optical-electrical conversion system (O-E), and its first harmonic serves as the system output and the reference of the remote
OFC. The remote OFC signal carrying the link’s phase information is transferred to the local site through the C34 channel. The fiber-induced
phase fluctuation is measured by the lock-in amplifier (LIA) at the local site and compensated by the DDS.

(RIN) with active power stabilization. This step is necessary
since the ultralong fiber link induces serious power variation,
which brings phase fluctuation through amplitude-to-phase
conversion (APC). Thirdly, by using the high-precision digital
phase discrimination and compensation technology, the sig-
nificant phase drift exceeding tens of signal periods, which is
an inevitable result when the link length reaches the thousand-
kilometer order, can be sufficiently canceled. Other techniques
are also exploited to ensure the system’s robustness, such as
the cavity-length temperature feedback control [36]. We show
that two frequency signals at separate locations have a relative
instability reaching 7.5×10−14 at 1 s and 1.0×10−16 with
10 000-s averaging time, which is capable of transmitting the
microwave atomic clocks, including state-of-the-art fountain
clocks [37–40].

Compared with previous works, the major advantage of
our work is the system setup using the all-optical link and
the robust active noise cancellation. Considerable long-haul
transmission instability can be achieved even without the
help of electrical repeaters. These results not only affirm
the viability of non-electrical-repeater long-haul O-TFT us-
ing OFCs, but also demonstrate the system’s capability to
effectively compensate for the severe fluctuations caused
by thousand-kilometer-order long fiber links. This record-
breaking implementation of O-TFT offers possibilities for
ultra-long-haul O-TFT networks and paves the way for future
large-scale time synchronization.

II. LONG-HAUL TRANSMISSION AND NOISE
CANCELLATION METHODS

A. Experimental setup

The experimental setup of the long-haul O-TFT system is
shown in Fig. 1. The Rb clock with instability of 2×10−12

at 1 s is used to provide the clock reference at the local

site. Two homemade OFCs at the local and remote sites re-
spectively serve as the frequency transmission carriers. The
bidirectional 3000-km fiber link is developed by 30 cascaded
dense-wavelength division multiplexing (DWDM) units that
have the same composition. Each unit consists of 100-km
fiber, together with a dispersion compensation fiber (DCF)
with fine-tuned length and a bi-EDFA, compensating for the
link dispersion and attenuation, respectively. Similar to [16],
in our setup the 30 distributed bidirectional optical amplifiers
(EDFAs) are used to amplify the optical signals, effectively
serving as optical repeaters in the frequency transfer system.
The phase-noise compensation is designed based on the phase
conjunction method [41] to ensure the phase consistency of
the remote and reference signal. To evaluate the performance
of the 3000-km frequency transfer system, we established an
evaluation part connecting two sites’ frequency signals by the
phase-noise analyzer (Microchip, 53100A).

The OFCs with 1560-nm central wavelength and 10-nm
3-dB bandwidth generate optical pulse trains whose repetition
rate is 100 MHz. The “figure-9 structure” of OFCs is used
because it exhibits good stability and self-starting charac-
teristics, which are desirable for our frequency transmission
system in terms of low-noise and robustness requirements
[42]. The comb’s signal is filtered with international-
telecommunication-union-standard DWDMs with 0.8-nm
bandwidth so that we can obtain the C32 (1551.72 nm) and
C34 (1550.12 nm) channels. In our scheme, the C32 channel
is used for frequency transfer (forward direction) and the C34
channel is for phase discrimination and calculation (backward
direction). A built-in EDFA in the OFC guarantees output
optical power up to 100 mW, resulting in the power of each
output being about 1 mW after filtering, which is sufficient
for up to 100-km transmitting in the fiber link.

The OFC carries the signal by locking its repetition
frequency to the reference (irrelevant to the combs’ CEO
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frequency, i.e., fCEO), exploiting the locking control system
(LCS) and cavity-length temperature feedback technique [36],
which ensures the highly precise and long-term locking of
OFCs’ repetition rates to corresponding frequency references
(for details see Appendix A). The frequency signal can be
extracted by photodetecting the OFC signal, which also only
keeps the envelope (equivalently, repetition frequency) infor-
mation [43]. As a result, in our scheme only the repetition
frequency needs to be manipulated, and the influence of fCEO

is discarded. Meanwhile, fCEO plays a significant role in sev-
eral other situations, and we leave it for future research.

The link-induced phase noise is compensated utilizing the
phase conjunction method [41], which keeps the input signal
phase conjugate of the round-trip signal phase. We write the
phase time of the signals at each node of the system to clearly
describe the compensation process. Supposing the clock’s
reference phase time τref(t ) and the direct digital frequency
synthesizer (DDS) set phase time τDDS(t ) (to be determined
to compensate for the link phase noise), the link input and
remote signal phase time after passing through the link are
denoted as

τin(t ) = τref(t ) + τDDS(t ), (1)

τr(t ) = τref(t ) + τDDS(t ) + τf(t ), (2)

where τf(t ) indicates the time-dependent phase-time fluctu-
ation induced by the fiber link. The remote signal cannot
be directly used by remote users due to the severe impact
on its phase from the thousands-of-kilometers fiber link. To
eliminate the fiber-induced phase noise, it is measured and
compensated based on a basic principle that the forward and
backward signals exert the same phase fluctuation τf(t ), and
the details are described below.

The fiber-induced noise can be obtained only by comparing
the link input and output signal at the same site, so the second
OFC locked to the signal with the phase time indicated by
Eq. (2) is returned to the local end for phase discrimination.
In other words, the round-trip signal, which carries double
the link noise, is measured at the local site to estimate the
practical phase variation at the remote site. To minimize the
influence of back-scattering during round-trip transmission,
the second OFC is phase-locked to the received pulse train
at the remote site, whose spectrum is limited to the second
filter range through different DWDM channels (C34 in our
experiments), distinguishing from the forward transmission.
Based on the aforementioned consideration, the phase-time
fluctuation of the backward signal (i.e., the round-trip signal)
is given by

τrt(t ) = τref(t ) + τDDS(t ) + 2τf(t ), (3)

which carries double the fiber-induced phase variation. The
link drift τf(t ) can be obtained by comparing Eq. (3) and
Eq. (1) with our lock-in amplifier (LIA)–based digital method.
Subsequently, the conjunction compensation is realized by
setting the DDS,

τDDS(t ) = −τf(t ), (4)

which ensures the link input signal phase time τin(t ) =
τref(t ) − τf(t ) and the round-trip signal phase time τrt(t ) =
τref(t ) + τf(t ) are conjugate, so that the remote signal is

phase time synchronized with the local reference signal
τr(t ) = τref(t ) [41].

B. Compensation of link dispersion and attenuation

The 3000-km link in our experiment comprises 30 sets
of 100-km standard commercial spooled fibers (G.652). The
attenuation coefficient is 0.2 dB/km on average, and the
second-order dispersion coefficient is 17 ps/(nm · km), result-
ing in the total attenuation exceeding 600 dB and the pulse
broadening exceeding 40 ns. The transmitted signal would be
unrecognizable without attenuation and dispersion compensa-
tion. To resolve these issues and ensure the similarity of each
node in the follow-up analysis, we compensate the channel
attenuation and dispersion after every 100 km of fiber.

As is shown in Fig. 1, in the fiber medium, the bandwidth-
limited OFC carrying the frequency signal is sent to the fiber
link after passing through the C32 channel (C34 for the oppo-
site direction) of the DWDM module. The DWDMs not only
effectively help utilize the channels, but also reduce the dis-
persion of the wide-spectrum OFC. To precisely compensate
for the signal dispersion introduced in the corresponding link,
a fine-tuned DCF is added after every 100 km of fiber. Each
DCF has an attenuation of 7 dB and a dispersion of–1700
ps/nm on average, which exactly cancels with the 100-km-
fiber-induced dispersion.

To compensate for the attenuation induced by each 100-km
fiber and the corresponding DCF (about 27 dB in total), a
bi-EDFA (two independent EDFAs with different filter bands
in our work) is placed between two DWDMs to achieve round-
trip and distributed amplification of the optical power. Since
the multistage-amplification structure not only benefits the
gain of a transmitted signal but also has an amplification effect
on the amplified spontaneous emission noise of the previous
stage, a self-developed low-noise EDFA with NF below 4.0
(the typical measured value is 3.8) is used to compensate
for the channel attenuation, which shows great advantages,
especially in long-haul cascaded transmission [29].

C. Compensation of link-induced noise

Through 30 cascaded 100-km link units, the ultimate
pulse trains are detected by a commercial InGaAs PIN bal-
anced photodetector with a bandwidth of 150 MHz (Thorlabs,
PDB450C). A bandpass filter (BPF) with 100-MHz central
frequency and 10-MHz bandwidth is used to filter the OFC
repetition rate’s first harmonic, for both generating frequency
signal and the repetition-frequency locking of the OFC at
the remote site. It is worth noting that the phase of the
electrical signal generated by the optoelectric conversion of
the photodetector is sensitive to its input power due to the
APC process, which originates from the saturation of the
photodetectors and is a combined effect of both the chip and
the electronics [44–47]. We measured the impact of APC
using our self-designed system and optimized it to an insignif-
icant level.

1. Suppression of amplitude noise with active power stabilization

We visualized the APC process and quantitatively gave
APC coefficient values of the specific photodetector used in
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FIG. 2. Measurement and compensation scheme of amplitude-to-phase conversion (APC). (a) Experimental scheme measuring the APC
coefficient. AOM, acoustic optical modulator; BS, beam splitter; BPD, balanced photodetector; DUT, device under test; BPF, bandpass filter;
LPF, low-pass filter; DMTD, dual-mixer time difference; OSC, oscilloscope. (b) Active power stabilization system.

our experiment utilizing the setup in Fig. 2(a). An under-test
comb signal is power-split into two branches, one serves as the
phase reference (s0) and the other one is fed into an acoustic
optical modulator (AOM) that controls its output power with
a programmable stable voltage source (Stanford Research
Systems, model DC205). The AOM output is again split into
another two branches, one is fed into a power meter (Thorlabs,
PM100D) and the other one serves for phase detection after
being photodetected and filtered with a 100-MHz BPF (s1).
An oscilloscope (OSC, RIGOL, MSO8204) connected by a
PC is used to visualize and calculate the APC-induced phase
variation. Since the OSC has an insufficient sampling rate
(maximum 10 GHz), the dual-mixer time difference (DMTD)
scheme is used to down-convert the under-test phase variation
[48]. Specifically, a 100.001-MHz sinusoidal wave generated
with an external signal source is mixed with the two under-test
signals s0 and s1, respectively, obtaining the low-frequency
components with two low-pass filters,

s′
0(t ) = LPF{cos[(ω + �ω)t] × cos[ω(t − T0)]}

= cos

[
�ω(t + ω

�ω
T0)

]
,

s′
1(t ) = LPF{cos[(ω + �ω)t] × cos[ω(t − T1)]}

= cos

[
�ω(t + ω

�ω
T1)

]
, (5)

where ω = 2π×100 MHz and �ω = 2π×1 kHz. In this case
the under-test phase time is amplified by α = ω/�ω = 105

times; consequently, the OSC has an equivalent maximum
resolution of 1/(10 GHz×α) = 1 fs, which is sufficient for
the subsequent experiment.

The APC measurement result is shown in Fig. 3(a). As
the optical power increases from 0.02 to 1.85 mW (denoted
by different colors), the phase of the detected DMTD signal
gradually increases, approaching a maximum value indica-
tive of the photodetector saturation process (provided the
detector remains undamaged). The signal phase time has a
total drift with the order of 1 ms, which means the original
100-MHz signal has drifted 1 ms/α = 10 ns level due to the

optical power changes. We also note that as the optical power
increases, the amplitude of the DMTD sinusoidal wave in-
creases and gradually reaches a maximum value (about 0.2 V),
which originates from the nonlinear output of the mixer
devices [49].

To obtain the APC coefficient, which quantifies the phase-
time change induced by RIN, we simultaneously record the
relative phase time x and the current optical power P, and then
calculate with [45]

CAPC(P) = �x

�P/P
= �x

�P
P [s], (6)

where the �x/�P term is the slope of the black curve in the
subfigure of Fig. 3(a). The calculated result is shown with
the black solid curve in Fig. 3(b). As the power increases, the
conversion coefficient initially increases and then decreases.
At a power of 1.1 mW, the conversion coefficient reaches a
peak value of 4.6 ns. In other words, when the signal ex-
hibits a power fluctuation of 1%, it results in a phase-time
variation of 46 ps, which significantly affects the system
instability.

It is important to note that APC is a prevalent phenomenon
across all photodetectors, albeit the APC curve may vary
among different types and models of photodetectors. Typi-
cally, this necessitates calibration for subsequent experiments.
In our approach, the phase fluctuation induced by APC in
the frequency transfer system can be effectively mitigated
through our proposed “calibration-power selection-active sta-
bilization” process (which will be discussed in this section),
regardless of the specific type of photodetectors utilized, as
well as the APC response curves.

We measured the power variation of the link output signal
(Fig. 4) and used it, along with the APC coefficient, to calcu-
late the impact on the instability at 1 s, as shown by the red
solid curve in Fig. 3(b). The APC has non-negligible effects
on the system instability, which exceeds the order of 10−13

at 1 s.
To minimize the impact of APC on system instability,

we propose a three-step solution: calibration, power selec-
tion, and active stabilization. Firstly, the APC curve of the
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FIG. 3. Amplitude-to-phase conversion (APC) of the photode-
tector used in our experiment. (a) DMTD sinusoidal wave phase
changes with optical power increases. (b) The black curve repre-
sents the measurement result of the APC coefficient. The solid-red
and dashed-red curves represent the impact of APC on instability
(modified Allan deviation at 1 s) before and after power stabilization,
respectively. In order to keep the impact caused by APC below
2×10−13 at 1 s (as an example) without power stabilization, it is
desired to control the average signal power to be less than 0.52 mW
or greater than 1.71 mW (indicated by the red shaded area). For the
case with active power stabilization, its impact on the instability is
below 2×10−13 at 1 s at any average power value (blue shaded area).

photodetector is calibrated, as discussed above. Secondly, un-
der a given RIN level, we manually select an average power
with a smaller APC coefficient. For example, if the desired
impact is to be below 2×10−13 at 1 s, the allowed power
region is shown in Fig. 3(b) with the red shaded area. In our
experiment we tested the power variations with average values
of 1.1 and 0.5 mW by adjusting an optical attenuator, as shown
in Fig. 4(a), with the corresponding instabilities depicted by
the yellow and blue lines in Fig. 5. By selecting an appropriate
average power level, we can optimize the instability caused
by APC from 10−12 at 1-s level to 10−13 at the 1-s level.
Thirdly, for further optimization the optical power is actively
stabilized. We constructed a power stabilization system based
on a PI controller to regulate the power of the signal entering
the photodetector. As shown in Fig. 2(b), the under-test optical
signal is sent into an AOM, whose output is detected with
the photodetector, PDB450C. To extract the error signal that
reflects the power variation, the monitor of PDB450C (DC-
10 MHz components of the input signal) and a stable voltage
supplied by DC205 serve as the two inputs of the PI controller
(Newport, LB1005).

0 0.5 1 1.5 2 2.5 3
Time (s) ×104

1.06

1.08

1.10

1.12

1.14

O
pt

ic
al

 P
ow

er
 (m

W
)

0.48

0.50

0.52

0.54

0.56Free running with average power 1.1 mW
Free running with average power 0.5 mW

0 0.5 1 1.5 2 2.5 3

Time (s) ×104

0.492

0.500

0.508

0.516

0.524

O
pt

ic
al

 P
ow

er
 (m

W
)

0.50001
0.50002
0.50003

(a)

(b)
Free running with average power 0.5 mW
Power stabilized with average power 0.5 mW

FIG. 4. Solutions to minimize the impact of APC on system
instability. (a) Choosing an average power with a smaller APC
coefficient. The figure shows the optical power variation with av-
erage values of 1.1 mW (at which the APC coefficient is 4.6 ns)
and 0.5 mW (0.9 ns), respectively. (b) Active power stabiliza-
tion. The figure shows the free-running optical power variation and
actively stabilized optical power variation with an average value
of 0.5 mW.

100                101                102                103                104               105

Gate Time (s)

10-12

10-14

10-16

10-18

Fr
ac

tio
na

l F
re

qu
en

cy
 In

st
ab

ili
ty

Choosing proper average power

Power stabilization

Free running with average power 0.5 mW
Free running with average power 1.1 mW

Power stabilized with average power 0.5 mW

FIG. 5. Optical-power-variation–induced instability through
amplitude-to-phase conversion (APC) and its optimization.
The APC-induced frequency instabilities are calculated by
σMDEV{τ, x(t ) = cAPC[avg(p(t ))]×p(t )/avg(p(t ))}. The yellow
curve is the free-running optical power with an average value of
1.1-mW induced frequency instability through APC. By choosing
an average power of 0.5 mW that has a smaller APC coefficient, the
free-running power induces lower instability as shown with the blue
curve. The red curve shows the APC-induced instability with active
power stabilization at 0.5 mW.

023005-5



YU, CHEN, ZHANG, JIN, YU, LUO, AND GUO PHYSICAL REVIEW RESEARCH 6, 023005 (2024)

TABLE I. Correction-term value changes, e.g., when �ϕ in-
creases from 0 and crosses π/2, the value of arctan(�ϕ) skips to
−π/2. Consequently, the correction term should plus π when the y
has a positive value and x changes from positive to negative value
(case 1).

Case y value x change Correction change

1 + + → − +π

2 + − → + −π

3 – + → − −π

4 – − → + +π

The system, shown in Fig. 2(b), effectively stabilizes the
power fluctuations and drifts, as demonstrated in Fig. 4(b) for
a signal with an average power of 0.5 mW. The instability
introduced by APC after power stabilization is depicted by
the red curve in Fig. 5, where it is observed to reach a level of
1×10−14 at 1 s and 3×10−18 at 10 000 s, indicating a negligi-
ble impact on system instability. Additionally, we calculated
the APC impact on the system instability at different average
power levels using the stabilized power data, as shown by
the red-dashed curve in Fig. 3(b). Overall, the impact remains
below 2×10−13 at 1 s, indicating a minimal effect on system
instability in comparison with the power-free-running case.

2. Infinite-dynamic-range digital phase discrimination

For long-haul transmission, the phase change caused by
temperature fluctuation is always dramatic; see Fig. 10 in
Appendix B. The large phase drift exceeding tens of signal
periods for our 3000-km link results in a requirement for a
larger dynamic range of measuring devices.

The round-trip phase variation is measured at the local site
by the phase discrimination system. Distinguished from the
mixer used in previous works, in this work we employ the
LIA (Stanford Research Systems, SR844) with the resolution
of 0.01◦ to discriminate the phase difference between local
and round-trip signals.

The traditional mixer device, as shown in Fig. 6(a), has
a nonlinear output voltage and one-to-many correspondence
of the input phase difference, which brings difficulties when
calculating the link-induced phase drift. LIA has a linear and
one-to-one correspondence in a 2π period [Fig. 6(b)], while
the cycle slip will still occur when the phase variation exceeds
one period. To realize an unlimited dynamic range of phase
discrimination, we utilize the x and y components output of
the LIA to calculate the current phase value [Fig. 6(c)],

�ϕ = arctan
(y

x

)
+ correction, (7)

where the correction term is determined by the cycles on
Fig. 6(c). When �ϕ crosses the y axis, the correction term will
plus or minus π to ensure the continuity of phase variation;
specifically, see Table I.

Further, to validate the phase measurement nonlinearity
(i.e., the deviation between the LIA-measured phase and the
nominal value), we calibrated the LIA-measured phase data
using a calibrated DDS, as depicted by the red curve in
Fig. 7(a). As the DDS phase scans through one cycle (360◦),
the deviation between the measured phase time by LIA and

FIG. 6. Phase discrimination of a mixer device and a lock-in
amplifier (LIA). (a) Mixer output voltage vs input signal phase dif-
ference; (b) LIA output voltage vs input signal phase difference; and
(c) LIA x and y component output vs input signal phase difference.

the nominal value shows a sinusoidal correspondence with the
peak value of 20 ps. Based on this result and incorporating
the room-temperature variations (Fig. 10 in Appendix B), we
simulated the impact of LIA nonlinearity on the system insta-
bility, which is constrained to 4×10−16 at 1000 s, as illustrated
by the red curve in Fig. 7(b).

To compensate for this nonlinearity, ten sets of data at
different nominal phase values are measured, averaged, and
embedded into the Python acquisition program for calibra-
tion. During each data acquisition process, we apply real-time
and efficient linear interpolation to correct the currently ac-
quired phase data. The modified program yielded significantly
improved results for the aforementioned experiment and sim-
ulation, as depicted by the black curves in Figs. 7(a) and
7(b). Up to now, our LIA-based digital phase discrimination
system could accurately measure the phase difference of the
round-trip phase difference, i.e.,

�τrt(t ) = τrt(t ) − τin(t ) = 2τf(t ). (8)

It is divided by 2 and serves as the phase to be compensated
at the DDS.
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FIG. 7. Results of LIA nonlinearity. (a) LIA-nonlinearity-
induced phase time offset in comparison with nominal value (red
curve) and the modified result (black curve). (b) Simulated LIA-
nonlinearity-induced system instability (red curve) and the modified
result (black curve).

3. High-precision digital phase compensation

The system is compensated by the phase conjunction tech-
nique at the local site utilizing our homemade DDS. To fully
compensate for the link-induced fast phase fluctuation, the
homemade DDS has low additional instability at 5×10−14 at
1-s level and 16 digits (corresponds to 0.0055◦ resolution),
which is below that of the LIA; for the long-term phase
drift, the DDS has a complete 360◦ dynamic range and can
cover and compensate any phase value. Figure 8 shows the
homemade DDS is capable of continuously compensating a
phase drift exceeding tens of periods of a 100-MHz signal
without inducing any cycle slip. It significantly differs from
the shorter transmission link (100 km or lower order) case,
where the phase to be compensated is typically smaller than a
signal cycle.

III. RESULTS OF THE LABORATORY 3000-KM
FREQUENCY TRANSFER

With the help of the aforementioned techniques including
low-NF EDFA, active power stabilization, LIA-based
digital phase discrimination, and the homemade DDS, the
3000-km-fiber–induced instability is effectively suppressed
to 7.5×10−14 at 1 s and 1.0×10−16 at 10 000 s. The
experimental results are shown in Fig. 9. From the data of
the phase-noise analyzer, we calculate the corresponding

FIG. 8. The ability of DDS compensation. In the shaded area the
system is free-running, while in the nonshaded area we show the free-
running phase drift (black curve) and the DDS-compensated result
(red curve) simultaneously.

fractional frequency instabilities of three different cases, i.e.,
the 3000-km link free-running, power-stabilized, and fully
compensated (power and phase). Since the link is free-running
before compensation, its frequency instability changes in a
nonstationary manner, mainly caused by environmental
changes. When the active power stabilization is on, it
effectively suppresses the link instability to 9×10−13 at 1-s
level, which leaves the uncompensated phase variation mainly
determined by the common-mode temperature-induced phase
changes. The high-precision digital phase discrimination and
compensation method together enable stabilizing the link
phase drift under large temperature turbulence.

In this work we note that the modified Allan deviation
reaching 7.5×10−14 at 1 s is mainly limited by the LIA resolu-
tion at this stage. At 10 000 s of averaging time, the modified
Allan deviation drops below 1.0×10−16, over four orders of
magnitude below the instability of the free-running link. The
long-term instability could be further improved by installing
temperature-control systems in EDFA elements.
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FIG. 9. Measurement result with and without compensation. The
black curve indicates the instability of the 3000-km free-running
link. The blue curve shows the link instability with average power
selection and active power stabilization. The red curve shows the
phase-noise-compensated result.
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FIG. 10. Correspondence of the room temperature and the link
phase drift. The black-dashed line is the experimentally acquired link
phase drift, the yellow line is the temperature, and the black solid line
is the calculated phase drift using Eq. (B1).

IV. CONCLUSION AND DISCUSSION

For ultra-long-distance frequency transfer, the tens-of-
milliseconds fiber delay makes it impossible to fully suppress
the link noise, confined by the delay-unsuppressed noise
[50,51]. According to the simulation, it poses a limit at
1×10−14 at 1 s (see Appendix C), which our current com-
pensated system has not yet approached. Consequently, for
future optimization of our long-haul frequency transfer sys-
tem, efforts should still focus on addressing issues related to
the digital devices’ noise and the non-common-mode noise,
bringing the residual noise closer to the delay-unsuppressed
noise limit.

We also note that the slope of the red curve in Fig. 9
changes from–1 to–1/2 at around 2000-s gate time originating
from a quasiperiodical behavior whose period is about 2000 s.
We attribute this phenomenon to temperature-related noise
within the system, as evidenced by the similarity in the period
to the temperature variations observed (around 2000 s, as
depicted in Fig. 10, Appendix B). Such effects have been
documented in various radio-frequency transfer studies and
are likely rooted in the asymmetric components of the system,
such as unequal propagation delays of the DWDM channels
[52–54]. Further investigations into these temperature-related
behaviors employing thermotanks would be of future interest
to optimize the long-term performance of the system.

In summary, we show the realization of a frequency
transfer system of over 3000 km of indoor fiber based on
optical frequency combs. The transfer instability reaches
7.5×10−14 at 1 s and 1.0×10−16 at 10 000 s. The utilization
of high-precision digital phase discrimination and compen-
sation techniques and active power stabilization effectively
suppresses the ultra-long-link–induced noise. The instability
reported is enough to support the ultra-long-haul frequency
transfer of state-of-the-art atomic microwave clocks. Our
methods can provide better robustness in the face of large-
range phase drift, e.g., under the condition of field tests. It
thereby offers technical solutions to the atomic clock trans-
mission scenarios aiming for longer transfer distances with
larger channel attenuation and paves the way for construction
of a larger-scale synchronization network.
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APPENDIX A: FREQUENCY LOCKING OF THE OFCS

To achieve high-fidelity transfer of frequency, the repeti-
tion frequency of the OFC at the local site is phase-locked
to the Rb clock by exploiting the locking control system,
containing an electrical frequency multiplier, an optical-
microwave phase detector [55], and a PI controller (Newport,
LB1005S). The achieved residual frequency instability is su-
perior to 1×10−14 at 1 s. Additionally, in order to achieve
long-term phase-locking of the OFC to the reference oscilla-
tor, even when a large temperature variation occurs, an active
cavity-length temperature feedback technique [36] is used to
guarantee the stabilized phase-locking under severe tempera-
ture fluctuations over 5 ◦C. In comparison, the source without
using this technique supports the temperature change only
for less than 0.5 ◦C (corresponds to the 320-Hz repetition-
frequency changes). This technology is realized via the fully
human-free collaborative control of the thermoelectric cooler
(TEC) and PZT voltage, and it greatly improves the robust-
ness of the OFC-based system against changes in the external
environment.

APPENDIX B: FIBER-INDUCED PHASE VARIATION

Here, to preliminarily evaluate the remotely-output signal,
we show in Fig. 10 the measured phase drift after 3000-km
transmission (black-dashed curve) and the laboratory’s tem-
perature variation (orange curve) at the same time. The phase
drift could reach 150 ns in one day, and it covers 15 cycles
of the 100-MHz signal (whose period is 10 ns). Further, we
calculate the thermal effect relation that the time fluctuation
obeys,

�τcal(t ) = αL�T (t )

= 36.80 ps/(km ◦C) × L × �T (t ), (B1)

where α = 36.80 ps/(km ◦C) [56] is the calculated overall
temperature coefficient, mainly attributed to the thermo-optic
coefficient (refractive index variation with temperature) and
the fiber’s thermal expansion coefficient. Equation (B1) means
that the 3000-km fiber link induces approximately 110.4-ns
drift (i.e., about 11 periods of a 100-MHz signal) when the
temperature changes 1 ◦C. Following the above relation, the
calculated data (black solid curve) fits the measured link phase
drift well, and it reveals the origin of the system’s phase drift
comes from the temperature fluctuation. The violently varying
phase drift poses a significant challenge to phase detection and
compensation, highlighting the necessity of large dynamic
range compensation with our proposed algorithm in the paper.

023005-8



MICROWAVE FREQUENCY TRANSFER OVER … PHYSICAL REVIEW RESEARCH 6, 023005 (2024)

10-1       100        101        102        103         104        105        106

Frequency (Hz)

10-4

10-6

10-8

10-10

Ph
as

e 
N

oi
se

 (r
ad

2 /H
z) 108

106

104

Ti
m

in
g 

N
oi

se
 (f

s2 /H
z)BW=1/4Τ 3,000 km link noise (acquired)

Delay-unsuppressed noise (simulated)

uncompensateddelay-unsuppressed
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running 3000-km link [black curve, acquired by phase analyzer
(Microchip, 53100A)] and the delay-unsuppressed noise [blue curve,
simulated with blue curve and Eq. (C1)].

APPENDIX C: DELAY-UNSUPPRESSED NOISE
OF OUR SYSTEM

The existence of the tens-of-milliseconds link delay indeed
makes it impossible to fully suppress the fiber link noise and
leaves the delay-unsuppressed noise to the evaluation result
[50,51]. According to the derivation in the work [51], the
delay-unsuppressed noise can be denoted as

Sunsuppressed( f ) = 1
3 (2π f T )2Sfiber( f )

≈ 3 × 10−3 f 2Sfiber( f ), (C1)

where Sfiber( f ) is the free-running link phase noise, and T is
the link delay, which is approximately 15 ms for our 3000-km
link.

In Fig. 11 we show the phase (and timing) noise spectral
density of the free-running 3000-km link (black curve) and
the calculated delay-unsuppressed noise (blue curve) using
Eq. (C1). In this result, it is clear that the phase noise in
the low-frequency region (below 1/4T ≈ 15 Hz [57]) cannot

be fully canceled by the compensation system and is limited
by the delay-unsuppressed noise. Furthermore, at higher fre-
quencies the phase noise is totally uncompensated due to the
compensation bandwidth limited by the link delay T [57]:

BWcompensation = 1

4T
. (C2)

Based on this result, we can analyze the influence on the
system stability from the delay-unsuppressed noise by cal-
culating the modified Allan deviation (MDEV) utilizing the
transfer function [58]

MDEV(τ ) =
√∫ ∞

0

f 2

(2πν0)2
SI

ϕ ( f )|HM( j f )|2d f , (C3)

|HM( j f )|2 ≈ 2
sin6(πτ f )

(πτ f )4
, (C4)

where τ is the gate time of the MDEV calculation, ν0 =
100 MHz is the central frequency of the signal, and SI

ϕ ( f ) is
the one-sided power spectral density (data in Fig. 11).

The estimated MDEV value at the 1-s gate time caused by
delay-unsuppressed noise is

MDEVunsuppressed(1 s) = 1.0×10−14. (C5)

Compared with 7.5×10−14 at 1 s (the compensated result of
our system), Eq. (C5) denotes that the unsuppressed noise
brought by the 15-ms fiber delay is not the main contribution
of our compensation result.

However, it is worth noting that the thousand-kilometer-
level fiber link also brings other by-products. For instance,
the compensation bandwidth is strictly limited by the tens-of-
milliseconds-level fiber delay [Eq. (C2)], which leaves more
uncompensated regions in the high-frequency domain. Simul-
taneously, the accumulation of higher frequency noise along
the long fiber link, which cannot be mitigated by the compen-
sation system due to the restricted compensation bandwidth,
could exacerbate the system’s performance.
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