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Based on dense wavelength-division multiplexing technology, frequency transfer and time synchronization are
simultaneously realized over a compensated cascaded fiber link of 430 km, which is a part of the Beijing–
Shanghai optical fiber backbone network. The entire cascaded system consists of two stages with fiber links
of 280 and 150 km, respectively. To keep high symmetry and low noise, specific bi-directional erbium-doped
fiber amplifiers are used to compensate the large optical attenuation of each fiber link. When the compensation
servo is active in every stage, the cascaded system achieves the stability of 1.94 × 10−13 at 1 s and 1.34 × 10−16 at
104 s, for frequency transfer. It is also verified that the actual results of the cascaded system are in good agree-
ment with the theoretical ones calculated from error theory. Simultaneously, after calibration of each stage, time
synchronization is also realized. The final accuracy of the whole system is within 94 ps.
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High-precision frequency transfer is of great importance
in many application areas, such as clock comparison,
basic physical constants measurement (fine structure con-
stant[1], neutrino speed), and so on. Owing to the influence
of atmospheric environment, the traditional satellite-
based method will not meet the demands of the increasing
accuracy of an atomic clock[2]. In recent years, time and
frequency transmission based on optical fiber has been
developed rapidly. The results show that the method
can provide higher frequency stability[3–7].
In order to achieve high-precision frequency transmis-

sion in a quasi-national territory or even on a continental
scale, it is necessary to verify field link transfer of ultralong
distances. However, when frequency transfer over long dis-
tances is considered, there are two questions that should
be taken into account. The first is backscattering[8], which
may not be serious in short distance transfer[9], but with
ultralong distances the accumulated backscattering noise
would seriously affect the transfer performance. In the lab-
oratory’s 480 km microwave transmission[10], it adopts
eight single-path bidirectional amplifiers without consid-
ering the free propagation of backscattering noise. There-
fore, the achieved stability observed is not very good,
especially in a short time period. The second is the ulti-
mate limitation on feedback bandwidth. Based on the

round-trip compensation method[3], the link loss and the
cumulative noise increase with the distance of the fiber
link, while the compensation bandwidth and noise sup-
pression ratio decrease with the increase of the link
length[11]. Although transfer over 1840 km[5] fiber has been
demonstrated with a good result owing to the narrow line-
width of the transmitted optical signal and intrinsic low
noise of the link, the limit is critical for the transfer of
a microwave signal that is usually modulated on an optical
carrier with a relatively large linewidth. To answer both
questions, the cascaded method is a good choice for micro-
wave transfer, and some experiments on cascaded systems
have been carried out with good performance[12,13]. In
this Letter, in addition to exploiting a cascaded system,
specialized bidirectional erbium-doped fiber amplifiers
(Bi-EDFAs) with low noise and high symmetry[14] are also
used in the cascaded link. With these two methods, the
high-precision frequency transfer is demonstrated over a
compensated fiber link of 430 km, which is a part of the
Beijing–Shanghai optical fiber backbone network. In some
cases, such as long-baseline interferometry[15], deep space
exploration, and x ray particle acceleration, not only
the frequency reference is needed but the high-precision
clock synchronization is also a basic requirement. So,
apart from the transfer of microwave frequency, time
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transfer and synchronization are also achieved based
on dense-wavelength division multiplexing (DWDM)
technology.
The schematic diagram of the cascaded system for high-

precision optical fiber frequency transfer and time syn-
chronization is shown in Fig. 1, which contains two stages.
For simple illustration, only stage 1 is described in detail.
The same process can be applied to stage 2. At the local
end, the 10 MHz frequency signal is multiplied to a higher
frequency (1 GHz) because generally at higher frequency
levels the distributed feedback (DFB) laser has a lower-
intensity noise and can improve the signal-to-noise ratio
of the compensation system. Then, the signal is modulated
on an optical signal (λ1 ¼ 1548.59 nm) through a trans-
mitter module that contains two DFB lasers with a line-
width of 1 MHz, two electro-optic modulators, a DWDM,
and a polarization scrambler. The polarization scrambler
is used to decrease the polarization mode dispersion
(PMD). After a circulator, the signal enters the fiber link.
At the remote end, the frequency signal is demodulated by
the receiver module, and one part of the obtained signal is
delivered to the user end or the next stage. Owing to the
phase noise accumulated along the fiber link, the stability
of the transmitted signals is prone to degrade without ef-
fective phase-noise compensation. The roundtrip method
is commonly used for noise cancellation in fiber-based time
and frequency transfer. A part of the recovered signal at
the remote end is modulated on another optical carrier
(the wavelength is λ2 to avoid the influence of backscatter-
ing, λ2 ¼ 1547.70 nm) and sent back to the local end. The
returned frequency is sent to the phase discriminator with
the reference frequency to obtain the error signal of 1 GHz
frequency. Then, the error signal is processed and compen-
sated by the optical compensation module[16], which is
located after the circulator at the local end, resulting in
an accurate replication of the frequency signal at the re-
mote end. The performance of the transmission system is
obtained by phase discrimination between the 1 GHz
reference signal and the final frequency output.
As for the time signal, it is also locked to the atomic

clock. Based on the wavelength division multiplexing tech-
nology (λ3 ¼ 1549.33 nm, λ4 ¼ 1550.13 nm), it goes
through the same fiber link as the frequency signal does.
The variation caused in the fiber link by temperature and
humidity is almost the same, and the phase noise of time

signal is also cancelled by the compensation module. Here,
a digital delay controller, which can control the delay of a
signal that goes through it, and a time interval counter
(TIC) are used to realize time synchronization. The TIC
is to obtain the roundtrip time delay. It takes two steps. In
the laboratory, a short fiber is adopted to replace the fiber
link. The delay of the digital delay controller is set as de-
lay1 to make the time signal received at the remote end
strictly 1 second later than the local reference. The value
of the TIC is T1. In the field experiment, where the local
end and remote end are not placed together, the delay of
the digital delay controller is assumed to be delay2 to
achieve time synchronization. The value of the TIC
changes to T2. As reported in our previous literature[16,17],
delay2 is calculated by

delay2 ¼ delay1−
T2− T1

2
þ Δt

2
;

where Δt ¼ tEDFA þ ðλ3 − λ4Þ·D · Lþ tPMD þ tSA. It is
the asymmetrical delays caused by Bi-EDFAs, dispersion
effect[18] (D is the dispersion coefficient and L is the fiber
length), PMD, and the Sagnac effect in the fiber link, which
are measured in advance and revised in the final controlled
delay. The input power of detectors should be maintained
the same in the two steps. The synchronization perfor-
mance is obtained by analyzing the delay variation be-
tween the reference and that received at the remote end.

Stage 2 follows the same process as stage 1 to reach fre-
quency replication and time synchronization. At the out-
put, the 1 GHz frequency is downconverted to 10 MHz for
the user end. As for the properties of the entire cascaded
system, they are obtained by comparing the reference sig-
nals of stage 1 with the output signals of stage 2 after the
two stages both achieve a stable status. All the frequency
and time performances are recorded by phase discrimina-
tors and TICs, respectively. The bandwidth of the phase
discriminators is 5 Hz, and the TICs used are Stanford
SR620 with a sample interval of 1 s.

As introduced above, it is necessary to verify the perfor-
mance of ultralong distance transfer of frequency and time
synchronization in a field fiber network. Therefore, we
adopt a part of the Beijing–Shanghai optical fiber back-
bone network to test the cascaded system. The practical
application and field links are shown in Fig. 2. The field

Fig. 1. Configuration of the cascaded system for frequency transfer and time synchronization. PDA: Pulse distribution amplifier.
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link of stage 1 is from the city of Changzhou to Wuxi and
Suzhou, and then back to Changzhou, with a total length
of 280 km. The link of stage 2 is just from Changzhou to
Wuxi, and then back to Changzhou, with a length of
150 km. In the two stages, the Changzhou node acts as
both the local and remote end. In stage 1, three highly
symmetrical and low-noise Bi-EDFAs are inserted in
the Wuxi and Suzhou nodes to compensate for the high
loss of the 280 km fiber link. The construction of such
Bi-EDFAs can effectively reduce the backscattering noise
along the fiber[14]. While in stage 2, one Bi-EDFA is used
in Wuxi.
When the two stages are stabilized by the optical

compensation method, the performance of the cascaded
system can be acquired. Frequency stability is usually ex-
pressed by the overlapping Allan deviation, which is a
statistical calculation of the phase difference collected
by the phase discriminators. The frequency stability of
the cascaded 430 km is illustrated in Fig. 3. The short-
term stability of the 1 GHz signal is 1.94 × 10−13 at 1 s,
and the long term is 1.34 × 10−16 at 104 s. It is observed
that, compared with the open-loop case (4.65 × 10−13 at
1 s and 8.08 × 10−14 at 104 s), the phase noise in the closed
loop is effectively suppressed. In contrast to the results

(worse than 1 × 10−12 at 1 s) obtained by using a series
of multiple bidirectional optical amplifiers at the same dis-
tance scale[10], the stability using the cascaded process is
improved by almost one order of magnitude, especially
in the short term. This reinforces the importance of the
cascaded system for ultralong distance transfer of the
microwave signal. The optical noise floor is obtained by
measuring the phase difference between the reference sig-
nal at the local end and the received signal at the user end
using several short fibers to replace the 280 and 150 km
fiber links without any change of other devices. For con-
formity, the loss of these short fibers is adjustable so that it
can make sure that all the input powers of Bi-EDFAs and
detectors are kept the same as in the field experiment.

The phase noises of each stage in a cascaded system are
independent of each other and have randomness. Accord-
ing to the error theory[19], if a system has multiple random
errors and the errors are independent of each other, the
total error is the root mean square (RMS) of errors at each
level. Theoretically, the stability of the cascaded system
should be the RMS errors of two-stage transmission sys-
tems. The experimental results of stage 1, stage 2, and the
cascaded system demonstrated in Figs. 4(a) and 4(b) give
the theoretically calculated results by the stability of the
two-stage system. It can be observed that the experimen-
tal value is in good agreement with the theoretical one.

After the optical compensation servo works, the time
signal also reaches a stable state like the frequency. The

Fig. 2. Field cascaded transfer system.

Fig. 3. Frequency stability comparison of the 430 km cascaded
system between the closed and open loop.

Fig. 4. Frequency stabilities of the closed loop: (a) stage 1, stage 2,
and cascaded system; (b) theoretical and experimental results.
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comparison of the time delay fluctuations between the
closed loop and open loop of the 430 km cascaded system
are shown in Fig. 5. The RMS value of the time delay fluc-
tuation in a closed loop is only 57 ps and the mean value is
94 ps. Relative to the long time drifts in the open loop, it is
still verified that the compensation effect is obvious.
The time delay fluctuation results of stage 1, stage 2,

and the cascaded system in a closed loop can be observed
in Fig. 6. To tell one time series from another, the results of
stage 2 and the cascaded system have been shifted verti-
cally by 400 and 800 ps, respectively. The time synchro-
nization accuracy of stage 1 and stage 2 are 47 and 34 ps,
respectively. The result of the cascaded link is marginally
higher than the sum of that of stage 1 and stage 2, which
may be because of some measurement inaccuracy among
the different TICs.
Conventionally, time synchronization at such distance

scales is realized by GPS or Beidou time service and time
keeping through atomic clocks. However, both methods
have a limit on the synchronization accuracy and the cost
of operating and maintaining such devices is unsustain-
able. Through the above results, it can be found that
an optical fiber cascaded system cannot only reduce the

manufacturing cost of atomic clocks but also improve
the time synchronization accuracy.

In this Letter, based on the DWDM technology and the
cascade process, high-precision microwave frequency
transfer and time synchronization over a 430 km field
fiber link are achieved. The field link is a part of the
Beijing–Shanghai optical fiber backbone network, and
the cascaded system contains two stages. One of the fiber
links is Changzhou–Wuxi–Suzhou–Wuxi–Changzhou,
with 280 km length, and the other is Changzhou–Wuxi–
Changzhou, with 150 km length. To compensate optical
losses of both links, specific Bi-EDFAs are inserted in
Wuxi and Suzhou. When every stage reaches a stable sta-
tus by the optical compensation method, the frequency
stability of the cascaded 430 km system is 1.94 × 10−13

at 1 s and 1.34 × 10−16 at 104 s. Comparing the experi-
mental results with the theoretical ones calculated by er-
ror theory, it is observed that they are in good agreement.
After the time calibration of two stages, the time synchro-
nization accuracy of the cascaded system is 94 ps. With
such a performance, it can be foreseen that by exploiting
more stages, microwave transfer over thousands of
kilometers would be possible. In fact, this also provides
a certain basis for the future construction of high-precision
optical fiber-based time and microwave frequency
transmission network in a quasi-national or continental
territory.

This work was supported in part by the National
High-Tech R&D Program (863 Program) under Grant
No. 2013AA122901.
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