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Abstract—In this letter, we design and demonstrate a single-
fiber and same-wavelength (SFSW) time transfer over branching
fiber-optic networks with a synchronous time division multiple
access (TDMA). After a pre-synchronization, the transmission
collisions among multiple nodes over a SFSW link in branching
fiber-optic networks are avoided in time domain. The two-way
time transfer between a master node and multiple slave nodes is
then completed within each timing duration over the branching
fiber-optic network. A 1×8 experimental system with a 50 km
single-mode fiber in each sub-path is demonstrated. Experimental
results show that the stabilities of better than 45 ps/s and 10 ps/d
can be achieved. The measured average clock differences over
two branches with 50 km fiber are 58 ps and 73 ps, respectively,
which are within the calculated expanded uncertainty (with the
coverage factor of 2) of 103 ps.

Index Terms—Synchronous time transfer, Distributed time
transfer, Synchronous TDMA, Branching fiber-optic network.

I. INTRODUCTION

T IME transfer over optical fiber links has attracted ex-
tensive interest due to its advantages of low loss, broad

bandwidth, high stability, and so on [1], [2]. In practice, a
distributed time transfer scheme is required by many appli-
cations to transfer a common time reference to many sites
[3]. The Network Time Protocol, Precision Time Protocol
and White Rabbit can be used to realize distributed time
transfer through optic-fiber link [4]. These scheme, however,
is hardly to reach the accuracy of less than 100 ps for
the processing in switches/routers and/or the bidirectional
asymmetry of link. Lauf J et al. proposed a distributed time
transfer scheme system over optical fiber link with electrical
distributors through O/E/O conversion [5]. However, the elec-
trical distributors will lead to extra electrical noise and need
to be maintained in the operation as active devices. Lopes C
et al. proposed a distributed time transfer system based on
bidirectional wavelength division multiplexing (WDM) trans-
mission [6]. Through optical splitters, the master broadcasts
a time reference signal to each slave node over one optical
wavelength while slave nodes return signal over another wave-
length. Time distribution among slave nodes is realized by
measuring the round trip time at the master for each slave
and dynamical delay compensation. Due to the bidirectional
delay asymmetry induced by different wavelengths, a link
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calibration is needed in the scheme, which will increase oper-
ation complexity and cost, and induce extra calibration errors,
especially for systems with many nodes. Moreover, a control
mechanism for multiple slave nodes access is also lacked.
Sliwczynski L et al. presented a multipoint RF frequency
and time dissemination scheme over an actively tapped fiber-
optic link with electronic stabilization of the propagation delay
[7]. The scheme, however, still adopts two different wave-
lengths for bidirectional transmission to suppress the effect
of backscattering, and requires complicated link calibration.
Additional active modules like O/E, E/O are also needed in
order to support branch (tree-like) network. Moreover, the
allowable single path bidirectional amplifiers in the scheme
is limited by noises for lacking optical isolators in it, which
will constrain the number of access nodes and transmission
distance. Liang Hu et al. designed a distributed time transfer
system over a one point to multi-point passive fiber optical
network based on a time division multiple access (TDMA) [8].
The time transfer for a slave node, however, can only perform
during the assigned sub-period, and must be interrupted during
other sub-periods for other slave nodes.

In recent years, a fiber-optic time transfer scheme based
on bidirectional time division multiplexing transmission over
a single fiber with the same wavelength (BTDM-SFSW) [9]
has been proposed. By combining BTDM and SFSW, the
scheme can maintain the maximum bidirectional propagation
symmetry, and effectively suppress the impact of the Rayleigh
backscattering at the same time. Point-to-point time transfer
over 2000 km [10] and 6000 km [11] with precision less than
100 ps have been demonstrated. Based on above point-to-point
scheme, a point to multipoint time transfer scheme over branch
networks was further proposed in ref [12] by introducing
a synchronous TDMA mechanism. In this letter, we design
and demonstrate a synchronous TDMA based SFSW time
transfer over a 1×8 branching fiber-optic network. In order
to avoid the transmission collision over the SFSW link in the
networks, a pre-synchronization mechanism is used to adjust
the sending time of timing signal at each slave node in each
timing duration. The time transfers between the master node
and all slave nodes are carried out in every timing duration
(e.g. 1 s for 1 PPS (pulse per second)) without collision by the
BTDM-SFSW based two-way time transfers. The synchronous
TDMA control mechanism is presented in detail. The time
deviations (TDEV) of less than 45 ps/s and 10 ps/d, and a
calculated combined uncertainty of less than 60 ps are reached
with a 50 km optical fiber in each branch.
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Fig. 1. The diagram of time transfer over SFSW branching fiber-optic
networks using synchronous TDMA.

II. PRINCIPLE

Fig.1 illustrates the diagram of the SFSW time transfer
over branching networks with synchronous TDMA. A master
node is connected to several slave nodes through a branching
optic fiber network made up of passive optical splitters and
optical fibers. Bidirectional optical amplifiers with optical
isolators [11] can also be employed in the link to increase
the transmission distance and the number of slave nodes.
At the start of operation, a pre-synchronization procedure is
firstly performed to determine and adjust the accessing time
of each slave node, and hence the sending time of timing
signal at each slave node, to avoid the transmission collision
among all nodes. After that, in each timing duration, the timing
signal at master node is broadcasted to all slave nodes over a
wavelength of λ while each slave node transfers the delayed
timing signal to the master node over the same wavelength λ
at the assigned sending time. And then the clock differences
between the master node and all slave node can be obtained
in each timing duration by the BTDM-SFSW based two-way
time transfer [9].

The synchronous TDMA control mechanism is shown
in Fig. 2 schematically, containing two procedures of pre-
synchronization and two-way time transfer.

A. Pre-synchronization

The pre-synchronization includes two sub-phases: round-
trip measurement and delay adjustment. During the round-
trip measurement, the master node broadcasts a connection
request that contains the address of a slave node through the
branching fiber-optic network. After receiving the signal from
the master node, the slave nodes extract the destination address
and compare it with its own address. If it is the same, it
replies a confirmation signal to the master node, otherwise it
does not respond. Take node i as an example, the connection
confirmation contains the time gap value ti0 from receiving
the connection request to sending the connection confirmation.
When receiving the connection confirmation, the master node
extracts ti0 and measures the round trip time t0i starting from
the sending time of the connection request. Then the master
node changes the current destination address to the next slave
node, and repeats the above procedure until all slave nodes
have been scanned.

In the delay adjustment phase, the adjust delay for slave
node i, T d1

i (i = 1, 2, , N), is firstly determined to avoid con-
flicts between the master and slave nodes and ensure that the

round-trip time after delay does not exceed one timing duration
(i.e. 1 s for 1 PPS in our system). According to the relationship
between the clock difference ∆Ti and the transmission delay
τ0i between the master node and slave node i, there are four
possible cases for covering all situations. The four cases of
τ0i ≤ ∆Ti < τ0i + ∆τ , τ0i + ∆τ ≤ ∆Ti < 1 − τ0i − ∆τ ,
1 − τ0i − ∆τ ≤ ∆Ti < 1, Ti < τ0i, are illustrated by slave
node j, k, l,m in Fig. 2, respectively. Consider ti0 < ∆τ in
case j while ti0 ≥ ∆τ in other three cases, we can summarize
T d1
i for the four cases allowing maximize system capacity as

follows.

T d1
i =

{
∆τ − ti0 , ti0 < ∆τ

∆τ − ti0 + 1 , ti0 ≥ ∆τ
(1)

where ∆τ is duration of the time code (including some
reserved guard time) with the value less than 1 ms.

After determining T d1
i , we further determine the adjust

delay T d2
i , to avoid conflicts among slave nodes. The master

node renumbers the slave node in the order of ti from small
to large. ti is the returning time from node i after considering
the delay T d1

i . From Fig.2 and Eq.(1), ti can be expressed as
ti = t0i − ti0 + ∆τ . The transmission collision among slave
nodes can be avoided as long as the interval between two
adjacent slave nodes is no less than ∆τ . In order to maximize
the system capacity, the time gap between two time codes from
two consecutive branch is taken the minimum feasible value
∆τ in our design. So we have:

T d2
i′

=

{
0 , i

′
= 1

max(0,∆τ − ti′ + ti′−1) , i
′

= 2, 3, ..., N
(2)

where i
′

is the i
′

th number of the rearranged sequence. The
total delay of slave node i

′
, T d

i′
= T d1

i′
+ T d2

i′
, will be

broadcasted to all slave nodes. Each slave node extracts the
corresponding delay value, and adjusts the delay for its timing
signal.

B. Two-way time transfer
After determining the total adjusted delay of slave node i

′
,

i
′

= 1, 2, ..., N , the system begins to enter the two-way time
transfer phase. In the two-way time transfer, the master node
broadcasts its timing signal to each slave node while each
slave node sends the delayed timing signal to the master node
within each timing duration. The clock difference between the
master node and each slave node can be determined according
to the BTDM-SFSW based time transfer scheme [9]. For the
node m in Fig. 2 as an example, we have:

∆Tm =
1

2
[(T0m−Tm0−T d

m)+(τ0m−τm0)+[(τT0 −τR0 )+(τTm−τRm)]]

(3)
where T0m(Tm0) is the time interval between the local input 1
PPS and the received one at master node (slave node m ). T d

m

is the total delay of slave node m . τ0m(τm0) is the propagation
delay of fiber link from master node (slave node m) to slave
node m (master node). τT0 and τTm are the sending delay of the
master node and slave node m. τR0 and τRm are the receiving
delay of the master node and slave node m. T0m, Tm0 and
T d
m can be measured with a precision time interval counter

(TIC). The values of τ0m and τm0 can be considered equal
for the zero wavelength difference of SFP between the master
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Fig. 2. The synchronous TDMA mechanism for time transfer over branching fiber-optic network.

node and slave node. τT0 , τ
T
m, τ

R
0 , τ

R
m can be calibrated by high-

precision measurements.
Furthermore, in two-way time transfer phase, the delay

for timing signal at each slave node should be dynamically
updated according to the actual arrival time and the expected
time of each slave node timing signal to avoid the collision
due to the clock drift, transmission path change, and so on.

It is worth noting that the allowed branches of the proposed
system is related to the ∆τ and the round-trip time of the
first slave node after rearrangement. Considering ∆τ of less
than 1 ms in our system, the maximum number of branches
can reach several hundred even when the first slave node after
rearrangement is more than 1000 km away.

III. EXPERIMENTAL AND RESULTS
The experimental setup is shown in Fig. 3. It includes a

master node, a 1×8 optical splitter and two slave nodes. The
1 PPS signal from a common Rb clock (8040C) is sent to all
nodes simultaneously to eliminate the effect of clock drifts on
the test. The experiment is performed in an air-conditioned
room where the fluctuation of temperature is more than 3 ◦C
per hour.

The 1PPS from the Rb clock at the master node is encoded
into a time code, which is sent to the fiber link through a small
form-factor pluggable (SFP) transceiver (λ=1549.32nm). Af-
ter the time code is completely transmitted from the master
node, the light is cut off by an optical switcher (OS) with a
switching time of less than 1 ms. The Rayleigh backscattering
originating from the local optical transmitter is therefore
eliminated. At the slave nodes, the local 1 PPS is delayed
T d
i by a time delay adjuster (TDA), which is measured by

a SR620 (Stanford Research System). The delayed 1PPS are
encoded and transmitted to the fiber link on the light with
the same wavelength as that at the master node by switching
on the OS. The OS is switched off after the time code is
transmitted. At the master node and each slave node, the 1
PPS in the received time code is extracted by the decoders.
The time interval between the received 1 PPS and local input
one is measured by SR620.

Fig.4 shows the measured clock differences between the
master node and two slave nodes over a 2 m and 50 km fiber
links within 4 × 105s. From the figure, we can see that the
peak-to-peak fluctuation of the measured clock difference is
within 400 ps in both of the two experimental configurations.

Fig.5 shows the stability of corresponding time transfer. The
TDEVs of branch 1 and branch 2 over the 2 m fiber link,
which is less than 40 ps/s, 2 ps/d and 45 ps/s, 3 ps/d, can
be regarded as the stability floor of our experimental setup that
is dominated by the codecs, SFP transceivers, optical spilt and
the TICs since the fiber is so short. When the fiber link extends
to 50 km, the short term stability almost shows no changes and
the long-term stability of branch 1 and branch 2 deteriorate to
about 10 ps/d. It is mostly caused by the variations of fiber
temperature and the transmitting wavelength differences which
will lead to a fluctuation of the bidirectional propagation delay
asymmetry [10].

Fig.6 shows the average clock differences over various
fiber lengths of two branches after the delay of the terminals
are calibrated. The error bars are the corresponding standard
deviations in the measure time of 4 × 105s. Because the 1
PPS of the master node and two slave nodes come from a
common Rb clock, the average clock differences in theory
should be 0. The measured average clock differences of 58
ps and 73 ps over branch 1 and branch 2 with 50 km fiber
are mainly from system uncertainty related to the fiber link,
the employed devices and terminal calibration. The dotted line
in Fig.5 shows the interval of the expanded uncertainty for a
fiber link of 50 km (with the coverage factor of 2), which
is calculated according to the method given in ref [13]. It
mainly includes three parts, namely, the uncertainty of the
time interval measurement at the two stations, the uncertainty
introduced by the optical fiber link and the uncertainty of
terminal calibration. From Fig.5, we can see that the measured
average clock difference is fluctuated within the calculated
uncertainty budget.

IV. CONCLUSION

In conclusion, we demonstrate a synchronous TDMA based
time transfer over a 1×8 branching fiber-optic networks, which
can perform the two-way timing transfer between many nodes
within every timing duration. The synchronous TDMA control
mechanism is designed to avoid the transmission collisions
among multiple nodes over a SFSW link in branching fiber-
optic networks. The results show that the stabilities of less than
45 ps/s and 10 ps/d, and a calculated combined uncertainty
of less than 60 ps can be reached with a 50 km optical fiber
in each branch.
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Fig. 3. Experimental setup of the 1×8 synchronous TDMA based distributed time transfer system.

Fig. 4. Clock differences of time transfer over different branches with different
fiber lengths.

Fig. 5. Stabilities (TDEV) of time transfer over different branches with
different fiber lengths.
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