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A fiber-based, star-shaped joint time and frequency dissemination scheme is demonstrated. By working in coopera-
tion with the existing commercial telecommunication network. Our scheme enables the frequency, time, and digital data
networks to be integrated together and could represent an ideal option of interconnection among scientific institutions.
The compensation functions of the time and frequency transfer scheme are set at the client nodes. The complexity of the
central node is thus reduced, and future expansion by the addition of further branches will be accomplished more easily.
During a performance test in which the ambient temperature fluctuation is 30 ◦C/day, timing signal dissemination stability
is achieved to be approximately ±50 ps along 25-km-long fiber spools. After calibration, a timing signal synchronization
accuracy of 100 ps is also realized. The proposed scheme offers an option of the construction of large-scale fiber-based
frequency and time transfer networks.
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1. Introduction

Precise time and frequency dissemination are of major
importance for many scientific applications in areas such as
comparison of frequency standards,[1] radio astronomy,[2] and
deep space detection.[3] Because of turbulence and temper-
ature fluctuations during free space dissemination, the sta-
bilities of conventional frequency dissemination methods via
satellite links are limited to the 10−15/day level.[4] These types
of methods can no longer satisfy the requirements for clock
comparison applications below the order of 10−16/day[5] or
recent high-performance radio telescope arrays such as the
Square Kilometer Array (SKA).[2] With its advantages of low
attenuation, high reliability, and continuous availability, the
existing fiber optic network has become an attractive option for
use in such ultrahigh precision applications. In recent years,
rapid progress has been made in fiber-based timing and fre-
quency signal dissemination schemes. Schemes with a va-
riety of different topological structures that are intended to
meet various application requirements, ranging from point-
to-point[6–14] to multi-access,[15–19] cascade,[20,21] and star-
shaped[22,23] structures, have been demonstrated experimen-
tally.

Recently, we developed a point-to-point simultane-
ous frequency transfer and time synchronization scheme,[9]

and multi-access[15] and star-shaped frequency transfer
schemes.[23] A multiple access timing signal synchronization

scheme has also been demonstrated.[24] In addition to the re-
alization of precise timing synchronization, the system error
and its thermal drift were also calibrated. Using these results
as a basis, we demonstrate a star-shaped timing signal syn-
chronization scheme in this paper. By working cooperatively
with our previously developed frequency transfer system,[25]

a novel joint time and frequency dissemination system that
is capable of working on commercial telecommunication net-
works is established. Unlike current star-shaped timing signal
transfer schemes, which work in a wavelength-division mul-
tiplexing (WDM) mode, our timing synchronization scheme
works on the basis of a time-division multiplexing pattern. The
central node measures the round trip delay values for each of
its branches and disseminates the delay value message to the
client nodes via Ethernet connections by turns. In this way,
the system error that is induced by the chromatic dispersion
of the fiber links can be eliminated. More importantly, in the
co-working mode of this scheme, the ultrahigh-precision fre-
quency signals that are received at the client nodes can en-
hance the performance and the expandability of the timing
synchronization system. The scheme can be regarded as a
promising option of scientific research applications because it
offers an effective integration of time, frequency and scientific
data transfer networks.

In this paper, as a performance test for the proposed
scheme, a simulative star-shaped joint time and frequency net-
work is established using four 25-km-long fiber spools. In a
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test in which the ambient temperature of the fiber spools fluc-
tuates by 30 ◦C/day, a timing signal dissemination stability of
±50 ps is achieved. After calibration of the systematic er-
ror that is caused by a combination of loop asymmetry and
thermal drift, time synchronization accuracy of 100 ps is also
realized. Additionally, the potential of this system for future
large-scale extension and its adaptability to bad environments
are also discussed.

2. Experimental scheme and setup
A schematic diagram of the complete fiber-based joint

time and frequency dissemination system is shown in Fig. 1,
and consists of one center node and two client nodes. In the
central node, the time transmitting module and the frequency
transmitting module are denoted by T-TX and F-TX, respec-
tively, while in the two client nodes, the time and frequency

receiving modules are denoted by T-RX and F-RX. To sim-
ulate a real telecommunication network scenario, three Eth-
ernet switches are installed at three nodes. A S5500 Ether-
net switch from H3C is placed at the central node, while the
two client nodes are equipped with S2512 Ethernet switches
from BDCOM. All three Ethernet switches are plugged into
a 1310-nm double optical fiber SFP (small form-factor plug-
gable) transceiver module, and transmission and reception are
realized using a single fiber pair. The transmissions of the tim-
ing and frequency signals use 1548.53-nm and 1547.72-nm
laser beams as carriers, respectively. Therefore, with the eight
WDMs and the four 25-km-long fiber spools connecting the
three nodes, a star-shaped time and frequency network is es-
tablished. The timing signal, the frequency signal and the Eth-
ernet digital data can then be transmitted along the three differ-
ent transmission channels without interactions among them.
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Fig. 1. (color online) Schematic illustration of the proposed joint time and frequency dissemination system using a commercial
telecommunications network. H3C-S5500 and BD-S2512 are commercial Ethernet switches. T-TX: time transmitter module, T-RX:
time receiver module. F-TX: frequency transmitter module, F-RX: frequency receiver module.

The frequency dissemination modules, F-TX and F-RX,
almost work in the same way as the 1 f –2 f frequency dissemi-
nation scheme that was proposed originally in Ref. [23], but
with greater robustness after the improvement which is de-
scribed in detail in Ref. [25]. Our original star-shaped fre-
quency dissemination scheme is susceptible to temperature
fluctuations in the fiber links because of its limited isolation
properties and the nonlinear effects of the radio-frequency
components used. To make the proposed system suitable for
scientific applications in severe environments, we design a
nonharmonic synchronization scheme that is immune to dra-
matic temperature fluctuations. Additionally, to enhance the
feasibility of the improved frequency transfer system, the dis-
semination modules F-TX and F-RX are integrated from dis-
crete optical and microwave devices to form a homemade pro-

totype. In this way, a joint time and frequency dissemination
network can be established and can also be maintained more
easily.

Figure 2 shows an outline of the scheme for the proposed
star-shaped timing signal synchronization system. Taking the
transfer link between T-TX and T-RX1 for example, a synthe-
sized clock generator (SCG) that is referenced to an H-maser
generates a 500-Hz timing signal with a 1:1 duty ratio at the
T-TX. This generated timing signal is used to modulate the
amplitude of the 1547.72-nm laser carrier wave via laser 1.
The laser light is divided into two parts and these beams are
sent to the two branches respectively. At T-RX1, the received
timing signal is detected and is then sent to the delay fluctu-
ation compensation system, which includes a controlled de-
lay box (DG535, Stanford Research Systems) and a computer.
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When triggered by the input pulse, the controlled delay box
can recover and delay square pulses with 5-ps time delay res-
olution. The delayed timing signal is sent to laser 2 and is
used to modulate the 1547.72-nm laser carrier beam. In this
form, the signal is then sent back to T-TX. The optical switch
(OSW12-1310E, Thorlabs) is used to transfer the loopback
timing signals from the two branches to the detector by turns.
The delay fluctuation detection system consists of a time inter-
val counter (TIC; Keysight 53230A) and a computer. Using an
optical switch, the round trip time delays of two branches are
measured using the single TIC. The measured delay values are
then disseminated to the corresponding time receiving mod-
ules via the Ethernet connections among the three nodes. The
delay fluctuation compensation systems that are contained in
the two time receiving modules can compensate for the fiber
transfer delay fluctuations accordingly.
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Fig. 2. (color online) Schematic illustration of star-shaped timing signal
synchronization system.

Assuming that the uplink and downlink transmission time
delays have equivalent values, the round trip delay is twice as
long as the single trip delay. An iterative control algorithm
is used to stabilize the recovered timing signal. If the single
trip delay during the i-th control cycle is denoted by ti, and the
set delay value of the controlled delay box during the (i− 1)-
th control cycle is ∆ti−1, then the measured value at the TIC
can be expressed as Ti = ∆ti−1 + 2ti. The set delay ∆ti of the
controlled delay box is adjusted using an iterative relationship
formula, which can be expressed as shown below

∆ti =C+(∆ti−1 −Ti)/2. (1)

From this, we can obtain ∆ti + ti = C, where C is a constant
value, and this is the time delay between the recovered timing
signal and the clock signal at the center node. The T-RX1 and
T-RX2 have their own control cycles and cycle ordinal num-
bers. T-TX transmits the TIC measurement results from each

branch to the corresponding client nodes in turn. In the actual
experiment, the starting value of ∆t0 is set at 105 ps, and the
single trip delay C for both client nodes is set at 1.248×108 ps.

The control cycle period is highly significant as an ex-
perimental parameter. The control cycle period should cover
the data acquisition time, the Ethernet transmission time and
the instrument response time, and any other relevant time fac-
tors. To obtain better system performance, all these factors
must be carefully balanced. For example, increasing the aver-
aging time of the TIC would produce improved measurement
resolution, but the system response time would also increase;
meanwhile, a shorter response time may contribute little to the
improvement of the system performance when the intrinsic jit-
ter of electronic instruments such as the controlled delay box
is taken into account. To ensure a sufficient margin in the ex-
periments, the control cycle period for each client node is set
at 2 s, and the T-TX disseminates the delay messages to each
node by turns. By configuring the three Ethernet switches, the
time synchronization control message is set to have the high-
est priority. In this way, the effects of Ethernet congestion can
be greatly minimized for practical applications. Under some
severe conditions, if there were no available Ethernet equip-
ment, another alternative to communication channel such as
telephone link or wireless telecommunication connection is
necessary.

3. Results and discussion
In a joint timing signal and frequency dissemination sys-

tem that is based on a commercial telecommunication net-
work, the timing and frequency signals are highly vulnera-
ble to the transmission link noise, while the digital Ether-
net signal has a much greater anti-noise capability. When
compared with buried fiber links, overhead fiber links offer
several advantages, including shorter deployment times and
lower infrastructure construction costs, but the transmission
quality would be reduced. In certain scientific applications,
overhead fiber links are used rather than buried links. Con-
sequently, a joint robust timing and frequency dissemination
system with high immunity to dramatic temperature fluctua-
tions is required. The dissemination performances of the im-
proved nonharmonic F-TX and F-RX modules are tested in the
simulative telecommunication network. When the temperature
fluctuates by 40 ◦C in one day, relative stabilities of approxi-
mately 4×10−14/s and 3×10−16/104 s are obtained.[25]

To test the timing signal dissemination system, the tim-
ing signals that are recovered at T-RX1 and T-RX2 are com-
pared with the center node clock signal using a TIC (Keysight
53230A) with a 1-s averaging time. During the tests, two 25-
km-long fiber spools are placed in a temperature-controlled
box. The blackcurve shown in Fig. 3 indicates the free run-
ning round-trip delay fluctuation that occurs when the tem-
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perature fluctuates between 15 ◦C and 40 ◦C. Over a single
day, the round-trip delay fluctuation of a 25-km-long fiber link
is approximately 40 ns. The test results for T-RX1 and T-
RX2 are represented by the red and green curves shown in
Fig. 3, respectively. The test results are normalized, which
means that only the variation is expressed and the mean val-
ues are set to be zero. For the signal recovered from T-RX1,
the peak-to-peak fluctuation is 124 ps, and the standard devia-
tion is 10.4 ps, while for the signal recovered from T-RX2, the
peak-to-peak fluctuation is 107 ps, and the standard deviation
is 12.3 ps.
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Fig. 3. (color online) Double Y plot of temperature and measured time delay
fluctuations over a period of one day. Black curve: time delay fluctuation
of free-running round trip transfer. Red curve: time delay fluctuation of the
timing signal recovered from T-RX1. Green curve: time delay fluctuation
of the timing signal recovered from T-RX2. Blue curve: temperature fluc-
tuations of the fiber spools. Inset: fluctuation details of the timing signals
recovered from T-RX1 and T-RX2.

Using the method described above, a highly stable tim-
ing signal can be obtained at each client node. However, to
realize time synchronization, system errors such as the intrin-
sic dead time delay of the controlled delay box and the system
transmission asymmetry caused by optical component delays
in the T-TX or T-RX must be determined and eliminated be-
cause they could induce an inherent time difference between
the recovered timing signal and the clock signal at T-TX. In
Ref. [24], with the intention of promoting synchronization ac-
curacy, the system errors and the thermal drift are calibrated
and then compensated for. Finally, synchronization accuracy
with a magnitude of 100 ps is achieved. In the current ex-
periments, the two branches of the star-shaped timing signal
synchronization system are calibrated in a similar manner. By
short splicing of the T-TX and T-RX, the inherent time differ-
ence between the recovered timing signal and the clock signal
is measured and recorded. The correction term that is derived
from the recorded data can then be used to adjust the initial
value ∆t0 of the controlled delay box. After correction, to test
the timing signal accuracy, a series of timing signal dissemi-
nation experiments is performed using fiber spools of different

lengths, varying from 0.1 km to 30 km, as performance tests.
The time difference between the T-TX and the T-RX is mea-
sured using the TIC with a 1-s averaging time over a single
day. The difference between the TIC measured value and the
pre-set single trip delay C can be regarded as the system syn-
chronization accuracy. The results of these tests are shown
in Fig. 4, in which the mean value is used to draw each data
point; the standard deviations of the acquired time data, which
vary from 10.4 ps to 21.6 ps, are used to draw the error bars.
After calibration, a time synchronization accuracy of 100 ps is
realized using fiber links of various lengths.
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Fig. 4. (color online) Synchronization accuracy of star-shaped timing signal
synchronization system. Red points: tests carried out using branch 1; blue
points: tests carried out using branch 2.

Because the time synchronization system works in the
time-division multiplexing mode, when the number of client
nodes increases, the feedback speed may fail to catch up with
the transfer delay fluctuations caused by the temperature fluc-
tuations. When we consider that the optical switch that is used
has only two available branches, different latency time lengths
must be inserted into the control cycle of the T-RX to simulate
multi-branch scenarios. For example, to simulate a network
with N client nodes, an arbitrary client node must await an
extra 2(N − 1) s for the latest delay message from the center
node. In such a case, the recovered timing signal would grad-
ually drift away from the set value till the end of the latency
time. The time difference between the recovered timing signal
and the clock signal at the central node is measured using the
TIC with a 1-s averaging time. The results are shown in Fig. 5
in the form of time deviation.

As shown in Fig. 5, with increasing latency time, the tim-
ing signal transfer system would not be able to compensate
for the delay fluctuations caused by temperature fluctuations
in real time, and thus the stability of the recovered timing sig-
nal would also deteriorate. Under these circumstances, a lo-
cal timekeeping device located at each of the client nodes is
of major importance. The frequency synchronization system
can provide a frequency reference for the timekeeping device.
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This timekeeping device then adjusts its phase based on the
timing signal recovered from the T-RX when the node is in
its own control cycle rather than in the latency time. When the
set value ∆ti is updated, the time difference between the recov-
ered timing signal and the local timekeeping SCG is measured
immediately using a TIC. By adjusting the phase of the SCG
accordingly in each control cycle, the time difference is then
guaranteed to be smaller than the pre-set threshold value. For
the clarity of expression, the output timing signal of the SCG
at the client node after adjustment is called the ‘reproduced
timing signal’. In this way, after the adjustment and locking
procedure, the reproduced timing signal would track the re-
covered timing signal closely. The stability of the reproduced
timing signal would then be better than that of the recovered
timing signal when the synchronized reference frequency sig-
nal is supplied to the SCG at the client node. The synchroniza-
tion accuracy of the reproduced timing signal can be guaran-
teed to have the same order of magnitude as that of the recov-
ered signal. In the performance test, the latency time is set at
158 s. Then, the time difference between the reproduced tim-
ing signal and the clock signal of the T-TX is measured and
recorded when the reference signals of the SCG at the client
node are different. The test results are shown in Fig. 6.
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Fig. 5. (color online) Time deviations of the recovered timing signals for
different latency times. Black curve I: latency time of 2 s. Red curve II:
latency time of 18 s. Green line curve III: latency time of 38 s. Blue curve
IV: latency time of 78 s. Cyan line V: latency time of 158 s. Magenta curve
VI: latency time of 198 s. To show these lines more clearly, all tau modes in
the Stable 32 software are selected when processing these data.

The stability of the reproduced timing signal is shown in
Fig. 6 in the form of a time deviation. The red curve shows the
reproduced timing signal stability when the SCG at the T-RX
is referenced to the common reference of the T-TX. The green
curve shows the reproduced timing signal stability when the
SCG at the T-RX is referenced to the F-RX. Because of the
excellent quality of the star-shaped frequency dissemination
system, the compensated dissemination frequency-referenced
timing signal shows no obvious difference when compared

with the corresponding common clock-referenced signal; ad-
ditionally, the performance of the reproduced timing signal is
approximately one order of magnitude better than that of the
recovered signal in a simulative star-shaped network with 80
branches. The efficient integration of the time and frequency
dissemination network makes it possible to maintain good tim-
ing signal performance as the number of branches increases.
In this way, the network expandability towards larger scale
systems is enhanced.
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Fig. 6. (color online) Time deviations of reproduced timing signals versus
averaging time. Red curve: the SCG at the T-RX is referenced to the com-
mon reference of the T-TX. Green curve: the SCG at the T-RX is referenced
to the frequency signal that is recovered from the F-RX. Black curve: the
performance of the recovered timing signal recovered when the latency time
is 158 s (for comparison). All tau modes in the Stable 32 software are also
selected when processing these data.

4. Conclusions and perspectives
In this work, we introduce a high-precision optical fiber-

based joint time and frequency dissemination method. Under
severe conditions involving dramatic temperature fluctuations,
frequency transfer stability of 4× 10−14/s and timing signal
dissemination stability of ±50 ps are achieved along 25-km-
long fiber spools. After calibration, synchronization accuracy
of 100 ps is also realized. Our scheme demonstrates excel-
lent applicability and practicality to provide excellent com-
patibility with commercial telecommunication networks. The
proposed scheme could provide an easy way to interconnect
scientific application users via the dark fibers of the network
infrastructure. Because of merits such as high precision, low
cost, high robustness and its great capacity for future exten-
sion, this scheme could provide a new insight into the con-
struction of fiber-based time and frequency transfer networks.
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