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A B S T R A C T

We propose a low-cost scheme for multi-access time transfer with high-precision over a local ring fiber link.
The time signals are delivered to both the clockwise and anticlockwise directions over a single optical fiber
by employing the same wavelengths. The proposed scheme is validated in experiment over a fiber–optic loop
link with different lengths. The results demonstrate that the time deviation (TDEV) of less than 20 ps/s and 2
ps/10𝟒 s can be achieved for the fiber link up to 70 km. The evaluated uncertainty is less than 354 ps, which
is mainly limited by the employed time interval counters. The maximum number of accommodated nodes is
also theoretically evaluated based on the conditions of signal attenuation and backscattering effect.

1. Introduction

Precise time transfer has been recognized as one of the most impor-
tant technologies in long-haul applications such as satellite navigation,
deep space networks and very long baseline interferometry (VLBI) [1,
2]. For some application scenarios under local environment, high pre-
cision time transfer with multiple nodes is also required. For example,
in large ground-based and sea-based phased array radars, time infor-
mation between multiple channels is essential, which is related to the
imaging quality of the radar [3]. For large-scale cosmic ray observa-
tion experiments, in order to correlate the arrival time of the shower
particles at each detection point, all time measurement nodes are
required to have synchronized reference clocks, while the distributed
clock synchronization systems need to distribute clock and absolute
time information to clock nodes that are several kilometers apart [4].
Low cost and simple structure are also important considerations for
local area applications. Traditional satellite-based time transfer tech-
nologies [5,6], for instance, global positioning system (GPS), satellite
two-way time comparison and so on, are significantly affected by the
free space environment, resulting in the limited accuracy. Meanwhile,
they are also facing the challenges of complex system, high cost, low
security and reliability. Furthermore, time transfer based on coaxial
cables is subject to its bandwidth and high loss, limiting its transfer
distance within 1km. With the development of optical communications
over the last decades, optical fiber can be accessible all over the world.
On account of the advantages of large bandwidth, low loss and strong
anti-interference, the effectiveness and reliability of fiber–optic time
transfer to achieve high-precision transfer have been demonstrated [7–
12]. Aiming at satisfying the requirement of the applications with
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multiple users, point-to-multipoint optical fiber time transfer schemes
with various topologies have been proposed and demonstrated [13–
15]. However, none of the above schemes are specifically designed
for local application environments which need not only low cost and
complexity but also high precision. White Rabbit (WR) technique is a
performing and cost-effective time transfer scheme in local areas [13],
however, the accuracy of WR is limited by the bidirectional asymme-
try of link propagation delays for using a single fiber with different
wavelengths or two fibers for bidirectional transmission. The bidi-
rectional propagation delay asymmetry can be calibrated [16], while
the calibration has a precision limited by the employed calibration
method and measurement devices, and often needs to take a time of
long enough. In [14], L. Sliwczynski et al. realized multipoint time
transmission over a bus-type network with active taps. Nevertheless,
bidirectional transmission utilizing different wavelengths suffers from
the transmission delay asymmetry as a result of the dispersion effect
of the fiber, which requires a complex link calibration procedure. Z.
Jiang et al. proposed a method for time transfer using a ring fiber link
based on a wavelength tunable laser and a Mach–Zehnder Modulator
(MZM) [15]. However, this scheme is not suitable for the local area
applications due to its high cost of the laser with a large wavelength
tunable range. The ring network is one of the most basic topologies
in fiber–optic transmission networks, and it is a common network
topology for area-oriented services [17,18]. Furthermore, it has unique
protection function that can significantly improve the security and
reliability of the fiber network [19,20].

In this letter, we present a high-precision time transfer scheme
via a local ring fiber network, which has remarkable superiorities of
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low cost and complexity. By adopting the same transceiver for bidrec-
tional transmission in a single fiber, the symmetry of the fiber link
propagation delays along two directions are guaranteed completely.
In the case, high precision time transfer can be reached for there is
no limitation from bidirectional link delay asymmetry, and can be
operated and maintained relatively simple and easy for without requir-
ing extra link calibration. The multi-access mechanism is achieved by
tapping the bidirectional optical signals with an assistance of passive
optical splitters. In this way, the time information can be obtained
at any location of the fiber–optic ring link. The proposed scheme is
validated by the experiment over different fiber lengths, together with
a theoretical analysis of the uncertainty. The time deviations (TDEV)
of less than 20 ps/s and 2 ps/104 s are reached for the fiber link up to
70 km. The calculated combined uncertainty is less than 354 ps, which
is mainly limited by the employed time interval counters. To evaluate
the maximum extendibility of the proposed scheme, we estimate the
number of accommodated nodes along the ring fiber link based on the
signal attenuation and backscattering effects. The results show that as
many as 185 slave nodes can be accessed along a 10 km ring fiber link,
without considering the connector losses and reflections.

2. Principle

Fig. 1 illustrates the diagram of the proposed scheme. The major
node and each slave node are interconnected through a fiber ring.
At the major node, the 1 PPS (One Pulse Per Second) signal from
the reference is encoded into a time code through an encoder and
modulated onto an optical carrier. The modulated optical signal is
split into two branches by an optical coupler (OC1), which is, respec-
tively, sent both clockwise and anticlockwise into the fiber ring. Since
the optical signals in both directions use the same wavelength, the
symmetry of the bidirectional transmission delay of the primary fiber
link is maximally guaranteed. The optical signal propagating along
the clockwise path passes through the entire fiber loop and returns
back to the major node. The 1 PPS signal is recovered after passing
through an optic/electro (O/E) converter and decoder. The major node
measures the time difference between the local input 1 PPS and the
received 1 PPS, which is the total loop delay 𝑇1. The total loop delay
is sent to each slave node combined with 1 PPS signal by encoded into
the time code. At an arbitrary slave node, a 2 × 2 optical directional
coupler is inserted into the main fiber, which extracts some part of
the optical signals transferred in both the clockwise and anticlockwise
directions. The time codes are extracted by two O/E converters, and
then enter the decoder. The decoder restores the 1 PPS signals coming
from two directions respectively. The time difference between the two
1 PPS signals 𝑇𝑃 is measured. The principle of time transfer over a
ring fiber–optic link is shown in Fig. 2. The transmission and reception
delays 𝜏𝑇𝑀𝑓 , 𝜏𝑅𝑆𝑓 , 𝜏𝑅𝑆𝑏 include the hardware delays of the major or
the slave node and the transmission delays in the optical couplers. In
addition to the hardware delays in the major node, 𝜏𝑇𝑀𝑏 also includes
the transmission delays in the optical coupler and the circulator while
𝜏𝑅𝑀𝑓 includes the transmission delay in the circulator. The propagation
delays of the cables are also included in the transmission and reception
delays (𝜏𝑇𝑀𝑓 , 𝜏𝑇𝑀𝑏, 𝜏𝑅𝑀𝑓 , 𝜏𝑅𝑆𝑓 , 𝜏𝑅𝑆𝑏).

Based on the delay model and Fig. 2, we have
{

𝛥𝑇𝑀𝑆𝑓 = 𝜏𝑇𝑀𝑏 + 𝛿𝑀𝑆𝑏 + 𝜏𝑅𝑆𝑏 − 𝑇𝑃
𝛥𝑇𝑀𝑆𝑓 + 𝛿𝑆𝑀𝑓 − 𝜏𝑅𝑆𝑓 + 𝜏𝑅𝑀𝑓 = 𝑇1

(1)

where 𝛥𝑇𝑀𝑆𝑓 is the time difference between the local 1 PPS signal at
the major node and the 1 PPS signal received at the slave node in the
clockwise direction.

From Eq. (1), we have

𝛥𝑇𝑀𝑆𝑓 = 1
2
[(

𝑇1 − 𝑇𝑃
)

+
(

𝜏𝑇𝑀𝑏 − 𝜏𝑅𝑀𝑓 + 𝜏𝑅𝑆𝑓 + 𝜏𝑅𝑆𝑏
)

+
(

𝛿𝑀𝑆𝑏 − 𝛿𝑆𝑀𝑓
)]

(2)

Similarly, the time difference between the local 1 PPS signal at the
major node and the 1 PPS signal received at the slave node in the
anticlockwise direction can be expressed as,

𝛥𝑇𝑀𝑆𝑏 =
1
2
[(

𝑇1 + 𝑇𝑃
)

+
(

𝜏𝑇𝑀𝑏 − 𝜏𝑅𝑀𝑓 + 𝜏𝑅𝑆𝑓 + 𝜏𝑅𝑆𝑏
)

+
(

𝛿𝑀𝑆𝑏 − 𝛿𝑆𝑀𝑓
)]

(3)

Since the major node sends the time signals in both directions using
the same wavelength over a single fiber link, the last terms in Eqs. (2)
and (3) can be considered as zero. 𝜏𝑇𝑀𝑏, 𝜏𝑅𝑀𝑓 , 𝜏𝑅𝑆𝑓 , 𝜏𝑅𝑆𝑏, are only
related to the electric/optical cables and electric/optical devices at
both nodes. Therefore, these values can be calibrated by high-precision
measurements [21].

3. Experimental results and discussions

The experimental setup of the proposed scheme is shown in Fig. 3,
which contains a major node and a slave node. The whole experi-
ment platform is located at the laboratory with an hourly temperature
fluctuation of about 3 ◦C. At the major node, the 1 PPS signal from
the rubidium clock (HJ210-BDRB) is encoded into the time code via
a dedicated codec implemented in a FPGA platform [22]. Then it is
modulated on an optical carrier with a wavelength of 1549.32 nm
through a small form-factor pluggable (SFP) optical module (SFP1).
A 1 × 2 50/50 optical coupler is used to divide the optical signal
into two branches. The optical signal that returns to the major node
through the entire fiber loop along the clockwise path is extracted by
the optical circulator and then reaches the optical receiving port of
SFP1. Afterwards, the 1 PPS signal is decoded by a decoder. The time
interval between the received 1 PPS signal and the local 1 PPS at the
major node is measured by the time interval counter (TIC1). At the
slave node, a 2 × 2 10/90 optical coupler is adopted to tap out part of
the optical signals transmitted both clockwise and anticlockwise from
the fiber loop, the optical signals coming from the anticlockwise and
clockwise directions are received by the SFP2 and SFP3, respectively.
The output electrical signals of both directions are sent to the FPGA
for decoding, recovering the clockwise and anticlockwise transmitted
1 PPS signals. The time interval counter (TIC2) measures the time
interval between the two 1 PPS signals. The TIC3 is used to measure
the ‘‘true’’ time difference 𝛥𝑇𝑀𝑆𝑓 _M between the time signal received
by the slave node in the clockwise direction and the local time signal
at the major node. The system performance is evaluated by comparing
the time difference of 𝛥𝑇𝑀𝑆𝑓 and 𝛥𝑇𝑀𝑆𝑓 _M. All the adopted TICs in our
test are 53230A (Keysight Technologies).

Although the bidirectional delay symmetry can be maximally guar-
anteed by adopting the single fiber link with the same wavelength
for bidirectional transmission, the existence of Rayleigh backscattering
will deteriorate the signal-to-noise ratio (SNR) of the receiving end
and increase the time jitter of the timing signal as the increase of the
fiber link length, which is the main limiting factor of the performance
of the time/frequency transfer system [23]. To examine the perfor-
mance impairment due to Rayleigh backscattering, we first connect the
sending end and the receiving end of the major node directly with a
spooled fiber with the lengths of 10 km and 70 km, with no slave node
inserting into the link. A variable optical attenuator (VOA) is cascaded
just behind the isolator at the clockwise transmitting end of the major
node, in order to adjust the signal to backscattering optical power ratio
(SBR) of the receiving end. The results show that when SBR is less than
15 dB, there will have recovered errors for the 1 PPS signal for both link
lengths. To further demonstrate the performance of the time transfer
at the worst case, we select the location along the fiber link in which
the slave node is located at the end of the fiber loop in the clockwise
direction and connected to the major node with a fiber jumper in the
anticlockwise direction. By adjusting the VOA, the SBR is set at the
minimum requirement of 15 dB. Under this link configuration, the SNR
difference between the two receivers of the slave node is the largest,
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Fig. 1. Schematic of the proposed fiber–optic time transfer scheme accompany with the delay model of the scheme. REF: reference, TI: time interval, OC: optical coupler, ISO:
optical isolator, SMF: single-mode fiber. 𝜏𝑇𝑀𝑓 , 𝜏𝑇𝑀𝑏 are the transmission delays of the major node in both the clockwise (forward) and anticlockwise (backward) directions. 𝜏𝑅𝑀𝑓
is the reception delay of the major node in the clockwise direction. 𝜏𝑅𝑆𝑓 , 𝜏𝑅𝑆𝑏 are the reception delays of the slave node in both directions. 𝛿𝑀𝑆𝑓 , 𝛿𝑆𝑀𝑓 , 𝛿𝑀𝑆𝑏 are the one-way
propagation delays of the fiber.

Fig. 2. The principle of time transfer over a ring fiber–optic network.

Fig. 3. Experimental setup of the proposed time transfer over a ring fiber–optic link. FPGA: Field Programmable Gate Array, SFP: small form-factor pluggable, VOA: variable
optical attenuator.

and the performance of the system is the worst compared with other

link configurations.

Fig. 4 shows the stabilities of the proposed time transfer scheme

in terms of time deviation (TDEV) over different fiber lengths. The

3



R. Xu, F. Zuo, L. Hu et al. Optics Communications 466 (2020) 125636

Table 1
Uncertainty budget for the proposed time transfer scheme over 70 km fiber in a field implementation.

Uncertainty source Coefficient Estimated value Uncertainty contribution Uncertainty type

Time interval 1 1.16 ps 1.16 ps A
√

2∕2 250 ps 176.8 ps B

Modem calibration 1 1.1 ps 1.1 ps A
√

6∕2 250 ps 306.2 ps B
Wavelength difference 0.5𝐷𝐿 0 pm 0 ps B
PMD 0.5

√

𝐿 0.05 ps/
√

km 0.2 ps B
Sagnac effect 2𝜔∕𝑐2a 𝛿𝐴𝐸

b 0.2 ps B

Combined standard uncertainty 353.6 ps A&B

a𝜔 is the rotation angular speed of the Earth, c is the speed of light in vacuum.
b𝐴𝐸 is the equatorial projection area of the surface swept by the vector from the center of the Earth and moving along the fiber, 𝛿 is the
relative accuracy, it can be assumed as 10−3 when the accuracy of positioning fiber path on the earth is better than 1 km [8].

Fig. 4. The TDEV of time transfer over different fiber lengths compared with the
stability of the time delay between the major node and the slave node in the clockwise
direction for free running. The error bars show the 0.683 confidence range.

stability of the time delay between the major node and the slave node
in the clockwise direction for free running of 10 km and 70 km spooled
fiber links are also included in it. For free running link, the fluctuation
of propagation delay is on the order of nanoseconds. Through the
proposed scheme, the time delay between the major and the slave
node at the slave node can be accurately perceived. We evaluate the
performance of the proposed scheme by comparing the time difference
between the measured and deduced time offset. It should be clear that
the long-term stability (100–104 s) is significantly improved compared
with the free running. The TDEV of time transfer over 2 m fiber link,
less than 14.5 ps/s and 1.3 ps/104 s respectively, shows the floor of our
experimental system in the test conditions. The floor is mainly limited
by the codecs, SFP transceivers and the TICs used. The stabilities of
the 10 km link are less than 17 ps/s and 2 ps/104 s. When the fiber
length is extended to 70 km, the short term stability less than 20 ps/s
has no obvious difference, while long stability slightly deteriorates. The
deterioration of long-term stability is mainly due to the fluctuation of
transmitting and receiving time delays at each node, which is mainly
caused by environment temperature fluctuations. It should be noted
that the stability almost does not degrade when the fiber length is
extended to 10 km and 70 km, which indicates that the performance
of the system is close to and limited by the floor.

In order to remove the effect of
(

𝜏𝑇𝑀𝑏 − 𝜏𝑅𝑀𝑓 + 𝜏𝑅𝑆𝑓 + 𝜏𝑅𝑆𝑏
)

∕2
in Eq. (2), which are related to the electric/optical cables and elec-
tric/optical devices at the major node and the slave node, a modem
calibration is performed for each slave node. In the modem calibra-
tion, the major node and the slave node are connected by two short
fibers to form a small ring just as in Fig. 3. The measurement values
of the three TICs, 𝛥𝑇 0

𝑀𝑆𝑓 _𝑀 , 𝑇 0
1 and 𝑇 0

𝑃 , are obtained. Considering

(

𝛿𝑀𝑆𝑏 − 𝛿𝑆𝑀𝑓
)

∕2 is zero for short fibers, the modem calibration value
is obtained according to Eq. (2),
1
2
(

𝜏𝑇𝑀𝑏 − 𝜏𝑅𝑀𝑓 + 𝜏𝑅𝑆𝑓 + 𝜏𝑅𝑆𝑏
)

= 𝛥𝑇 0
𝑀𝑆𝑓 _M − 1

2

(

𝑇 0
1 − 𝑇 0

𝑝

)

(4)

The components of uncertainty budget for the proposed time trans-
fer scheme over 70 km fiber are summarized in Table 1 and analyzed as
follows. The first term includes the uncertainty in determining the time
intervals (𝑇1, 𝑇𝑃 ) in Eq. (2). We see

(

𝑇1 − 𝑇𝑃
)

∕2 as a whole to evaluate
an overall type A uncertainty. It is calculated on 200 observations [24].
The result is 1.16 ps. The uncertainty of 53230A used is about 250
ps when considering its linearity and offset (the systematic part of the
uncertainty is mainly considered, the random part is negligible since
this part can be reduced to a very low value by averaging, the timebase
part can also be neglected since we employ the same timebase for all
TICs.) [25]. According to Eq. (2), the coefficient should be

√

2∕2, and
the total type B uncertainty related to the two used TICs is 176.8 ps.

The second term results from the uncertainty of modem calibra-
tion for determining

(

𝜏𝑇𝑀𝑏 − 𝜏𝑅𝑀𝑓 + 𝜏𝑅𝑆𝑓 + 𝜏𝑅𝑆𝑏
)

∕2 in Eq. (2). The
standard deviation of the modem calibration value is 15 ps, which
is determined with the 53230As for 200 measured data points. The
corresponding type A uncertainty is 1.1 ps. The uncertainty of mea-
surements caused by TICs can be considered as a type B uncertainty.
Based on previous analysis in the first term, the uncertainty for each
employed 53230A is 250 ps. According to Eq. (4), the coefficient should
be

√

6∕2 and the contributions of three TICs to the type B uncertainty
of measurements are 306.2 ps.

The third to the fifth terms are originating from the fiber link, i.e.
(

𝛿𝑀𝑆𝑏 − 𝛿𝑆𝑀𝑓
)

∕2 in Eq. (2). The bidirectional delay difference of the
same fiber mainly comes from the wavelength-difference dependent
fiber chromatic dispersion, polarization mode dispersion (PMD), and
the Sagnac effect, and can be expressed as
(

𝛿𝑀𝑆𝑏 − 𝛿𝑆𝑀𝑓
)

∕2 = 1
2
𝐷𝐿

(

𝜆𝑏 − 𝜆𝑓
)

+ 𝜏𝑃𝑀𝐷 + 𝜏𝑠𝑎𝑔𝑛𝑎𝑐 (5)

where 𝜆𝑏 and 𝜆𝑓 are the wavelengths for the anticlockwise and clock-
wise directions, D is the fiber dispersion coefficient, L is the length of
the fiber, 𝜏𝑃𝑀𝐷 is the random PMD term, 𝜏𝑠𝑎𝑔𝑛𝑎𝑐 is the term from the
Sagnac effect.

Since the optical signals in both directions come from the same
SFP transceiver, the wavelengths are the same and the wavelength
difference is zero. The uncertainty from the influence of PMD can be
evaluated using the coefficient of 0.05 ps∕

√

km [26]. The Sagnac effect
can be calculated using the coefficient of 2𝜔∕𝑐2, which is below 1 ps
for a 70 km long fiber link [8,26].

According to the above analyses, the calculated combined standard
uncertainty budget is 353.6 ps for 70 km fiber–optic time transfer,
which is dominated by the uncertainty related to the time interval
measurement (250 ps for each 53230A) in the first and second terms.
Advanced time interval measurement devices can be employed to
significantly improve the uncertainty of system [8,27].

Table 2 summarizes the time difference between the measured and
deduced time offset (𝛥𝑇𝑀𝑆𝑓 − 𝛥𝑇𝑀𝑆𝑓 _M) over different fiber lengths
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Table 2
The time difference between the measured and deduced time offset over different fiber
lengths after modem calibration.

Link length Time difference Theoretical uncertainty

2 m 0 ps ±353.6 ps
10 km 9.8 ps ±353.6 ps
70 km −9.1 ps ±353.6 ps

without any fiber link calibration. The transmission and reception
delays of two nodes,

(

𝜏𝑇𝑀𝑏 − 𝜏𝑅𝑀𝑓 + 𝜏𝑅𝑆𝑓 + 𝜏𝑅𝑆𝑏
)

∕2, is calibrated by
modem calibration. It can be seen that the time differences between
the measured and deduced time offset are consistent with the calcu-
lated uncertainty. It is worth explaining that the calculated uncertainty
mainly comes from the adopted TICs, not from our system itself.

To further evaluate the scalability of the proposed scheme, we
estimate the number of accommodated nodes along the ring fiber
link based on the signal attenuation and backscattering effects (for
simplicity, the attenuation and reflection of connectors are not taken
into consideration.). The noise resulting from self-beating of Rayleigh
backscattering light and beating with the received signal is the domi-
nant noise at each receiving end. According to our experimental mea-
surement, when the SBR of the receiving end is greater than 15 dB, 1
PPS signal error will not occur, that is, the receiver can obtain the time
information correctly and the system can work normally. Therefore,
the limiting factors for capacity analysis are the SBR and the receiving
sensitivity at each receiving end. The capacity analysis problem can be
summarized as the following maximization problem, i.e. [28,29],

maximize 𝑁
subject to 𝑃𝑅𝐹0 − 𝑃𝑠𝑒𝑛 > 0;

10 log 10
(

𝑃𝑅𝐹0
)

− 10 log 10
(

𝑃𝐹𝑆𝑅𝐵0
)

> 15;
𝑃𝑅𝐹𝑖 − 𝑃𝑠𝑒𝑛 > 0; 𝑖 = 1,… , 𝑁
𝑃𝑅𝐵𝑖 − 𝑃𝑠𝑒𝑛 > 0; 𝑖 = 1,… , 𝑁
10 log 10

(

𝑃𝑅𝐹𝑖
)

− 10 log 10
(

𝑃𝐹𝑆𝑅𝐵𝑖
)

> 15; 𝑖 = 1,… , 𝑁
10 log 10

(

𝑃𝑅𝐵𝑖
)

− 10 log 10
(

𝑃𝐵𝑆𝑅𝐵𝑖
)

> 15; 𝑖 = 1,… , 𝑁

(6)

where N is the number of the slave nodes in the fiber link, 𝑃𝑅𝐹0 is the
desired signal of the major node in the clockwise direction, 𝑃𝐹𝑆𝑅𝐵0 is
the single Rayleigh backscattering (SRB) received at the major node,
𝑃𝑅𝐹𝑖(𝑖 = 1,… , 𝑁) and 𝑃𝑅𝐵𝑖(𝑖 = 1,… , 𝑁) are the desired signals of
each slave node in both the clockwise and anticlockwise directions,
𝑃𝐹𝑆𝑅𝐵𝑖(𝑖 = 1,… , 𝑁) and 𝑃𝐵𝑆𝑅𝐵𝑖(𝑖 = 1,… , 𝑁) are the SRB received at
each slave node in both the clockwise and anticlockwise directions.

For the calculations, the transmitting optical power in either di-
rection of the major node 𝑃𝑖𝑛 = −1 dBm, the Rayleigh backscattering
coefficient 𝑅𝐵 = −33 dB, the receiving sensitivity at each receiving end
𝑃𝑠𝑒𝑛 = −30 dBm. Assuming all slave nodes are distributed uniformly
along the ring fiber link and the coupling ratio of optical coupler at
each slave node is identical, the number of accommodated nodes over
different fiber link lengths (10 km, 30 km, 50 km and 70 km) with
different coupling ratios of optical couplers are estimated and plotted
in Fig. 5. We can clearly see that an optimal coupling ratio for the
maximum number of accommodated slave nodes can be found for each
fiber link length. For instance, the maximum number of slave nodes
that can be accommodated in a 10 km optical fiber link is 185, while
only 14 can be accommodated in a 70 km link. This can be explained
that for too low coupling ratios, the optical power obtained from the
receiving end of some slave nodes is lower than the receiving sensitiv-
ity, and the corresponding electrical signal cannot be demodulated by
the receiving end. When the coupling ratio is too large, the number of
the accommodatable slave nodes of the link is limited by SBR at the
receiving end of the major node. The higher the coupling ratio is, the
smaller the optical signal power can be received by the major node

Fig. 5. The number of slave nodes vs. the coupling ratio over different-length fiber
links.

along the main ring fiber link. The results indicate that the proposed
scheme is more suitable for local short-haul networks. Although similar
time transfer stability can be obtained over long distances, the number
of nodes that can be accommodated is low.

4. Conclusion

In summary, we proposed and experimentally demonstrated a high-
precision fiber–optic time transfer scheme based on a ring topology.
The multi-access mechanism is achieved by adopting optical transceiver
modules and passive optical splitters, which is a lower cost technique
for the application with multiple users. Moreover, the main limiting
factor of the system performance deriving from Rayleigh backscattering
is experimentally evaluated. The system can work without 1 PPS signal
errors when the SBR of each receiving end is more than 15 dB. The
time transfer performance of the proposed scheme is also demonstrated
over 10 km and 70 km fiber loop links under the minimum SBR of
15 dB. Different factors related to the uncertainty of time transfer
are investigated in detail by theoretical analyses and full uncertainty
budget for the system is calculated. The results illustrate that the
uncertainty of less than 354 ps and the stabilities of less than 20 ps/s
and 2 ps/104 s can be achieved at the intermediate points. According
to the limitation of signal attenuation and the influence of the Rayleigh
backscattering, the maximum number of slave nodes over different
lengths of fiber link with different coupling ratios and is theoretically
analyzed.
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