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A fiber-based, multiple access timing signal synchronization scheme is demonstrated. By coupling out the bidirec-
tional transmission signals, a highly stable timing signal can be recovered at arbitrary points along the fiber with the help
of the loop delay message broadcasted via ethernet from the local module. The experiment is carried out on a 30-km
fiber placed in a temperature-controlled box. In one-day period, when the round trip fiber transfer delay fluctuation is
60 ns, the fluctuations of the stabilized timing signal from the download and the remote modules were only £125 ps and
4100 ps, respectively. Also, the system error caused by transmission path asymmetry and thermal drift is calibrated, and a
100-ps magnitude synchronization accuracy is realized. This method could provide new insights into the construction of a

fiber-based time transfer network.
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1. Introduction

Time and frequency dissemination via fiber link has prop-
erties of low losses, isolation to electro-magnetic interfer-
ence, easily availability and is highly reliable. It is consid-
ered to be a promising technique to construct a large scale
time and frequency network.!!=3! Different topological struc-
tures of fiber-based time and frequency dissemination schemes
such as point-to-point, multiple access, cascade and star shape,
have been demonstrated. For frequency dissemination, the

4-10]

point-to-point scheme! is mainly used by scientific lab-

oratories to compare atomic frequency standards. To real-
ize long-distance frequency dissemination, the cascaded fre-
quency dissemination method has been studied.!'~13] Aiming
towards applications in frequency synchronization networks,
multiple access,'*~1) and star-topology?*2?! frequency dis-
semination methods have been proposed and demonstrated.
For dissemination of timing signals, a point-to-point scheme
is usually realized in a way as a variant of Two Way Satellite
Time and Frequency Transfer (TWSTFT)[>-2% or by com-
pensating the loop delay fluctuation.>’-3?! To extend its ap-
plications in the complicated network topology, different mul-
tiple access timing signal synchronization schemes have been
demonstrated. 3334 For these schemes, to recover a stable tim-
ing signal at client points, the loop delay have to be measured
and compensated at the transmitting site firstly. Once a fail-
ure happens to the transmitting site compensation function,
the whole synchronization system will be broken down. To
improve the system reliability, in the proposed scheme, we
share the complexities and risks among transmitting and client
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modules by setting the compensation function at client mod-
ules. In this way, if one client module compensation func-
tion is broken, other client modules can still be running nor-
mally. Recently, client side compensated frequency dissem-
ination schemes with good reliability and performance also
have been demonstrated. [!8-19-3336]

In this paper, we demonstrate a fiber-based multi-access
timing signal synchronization scheme which does not need
transfer delay compensation at the transmitting module. Re-
cently, Chen et al.!>!] realized tree-like client side compensa-
tion time transfer network in a different way. At remote sites,
they acquired single trip time delay by distinguishing uplink
and downlink timing signal with Wavelength Division Multi-
plex (WDM) technology. While in our scheme at the trans-
mitting module the round trip transfer delay is measured and
broadcast via ethernet, and the compensation function is set
at the client modules (remote and download ones). With the
help of the received message from the ethernet, stable tim-
ing signals can be recovered at client modules. In this way, a
timing signal dissemination stability of £125 ps and +100 ps
was achieved at the download and remote modules, respec-
tively. Also, we calibrated the synchronization system, and
eliminated the systematic error caused by the loop asymmetry
and thermal drift. Finally, synchronization of the timing signal
was realized.

2. Method and experimental results

Figure 1(a) shows a schematic illustration of the multiple
access timing signal synchronization system, which consists
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of one local and two client modules. These three modules
are linked by two fiber spools that are 25-km and 5-km long.
Using a 2 x 2 fiber coupler (couplerl, coupling ratio 50:50),
forward and backward transmitted laser light in the fiber link
can be outcoupled at the download module. Figures 1(b)-1(d)
show the details of local, download, and remote modules, re-
spectively. At the local module, the timing signal is generated
by a synthesized clock generator referenced to a hydrogen-
maser. The repetition rate of the timing signal is 500 Hz with
a 1:1 duty ratio. It is used to modulate the amplitude of 1550-
nm laser carrier, then it is disseminated to the download and
remote modules. The received timing signal is amplified and
sent backward at the remote module, while the download mod-
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Fig. 1. (color online) (a) A schematic illustration of the multiple access timing signal dissemination system. (b) The local module. (c)
The download module. (d) The remote module. LD: laser diode. TIC: time interval counter. EDFA: erbium-doped fiber amplifier.

Assuming that the uplink and downlink transmission time
delay are equivalent and ignoring the induced time delay of the
three modules’ apparatuses, the result measured by the TIC1
can be expressed as

T1=2 % (T25 km+T5 km)> (1)

where Tys kn is the transfer delay of the 25-km fiber spool
and 75y, is the transfer delay of the 5-km fiber spool. The
time difference between the retrieved bidirectional transmis-
sion signals measured by TIC2 is

T2:2><T5 km- (2)

Consequently, the time difference between the retrieved back-
ward signal at the download module and the clock signal at the
local module is Th5 km + 275 km», Which equals to 0.5(7; + T3).
In this way, the time difference between the local and down-
load modules can be determined. Triggered by the retrieved
backward signal, controlled delay box1 can recover a square
pulse with a 5-ps time delay resolution. Instead of stabiliz-
ing the fiber link, the controlled delay box is utilized as the
compensation part of servo system to stabilize the timing sig-
nal. Considering the set delay at controlled delay box 1 is
AThox 1, the time difference between the recovered clock sig-
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nal at the download module and the clock signal at the local
module is Ti,p and it equals to 0.5(7) + 12) + ATpox 1 TO
keep Tiwp constant, ATk | should be controlled according
to the change in 0.5(7} 4+ 7). This stabilizes the recovered
clock signal at the download module. Similarly, the time delay
between the received timing signal at the remote module and
the clock signal at the local module is T35 km + 75 km, Which
equals 0.57;. By adjusting control controlled delay box 2 and
keeping Tir = 0.571 + ATpox 2 constant, a stable clock sig-
nal can also be recovered at the remote module. Here T (or is
the time difference between the recovered clock signal at the
download module and the clock signal at the local module and
ATpox 2 1s the set delay at controlled delay box 2. During the
experiment, the acquisition rates of TIC1 and TIC2 were set to
500 Hz, for an average time of 1 s. Taking factors such as the
data acquisition time, the ethernet transmission time and the
instrument response time into consideration, to ensure enough
margin, the feedback loop time was set to 2 s. Furthermore,
the round trip delay message is set to highest priority by con-
figuring the router of the Ethernet, and broadcasts from trans-
mitting module to all clients. Consequently, the influence of
the Ethernet congestion can be greatly minimized in our ex-
perimental demonstration.
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Fig. 2. (color online) Double Y plot of temperature and measured time delay
fluctuations over one day. Black line: the transfer delay fluctuations of the
round trip fiber. Green line: time delay fluctuations of the recovered timing
signal at download module. Red line: time delay fluctuations of the recov-
ered timing signal at remote module. Blue line: the temperature fluctuations
of the fiber spools.

To test the stability of the timing signal dissemination,
two fiber spools were placed in a temperature-controlled box.
The black curve in Fig. 3 shows the transfer delay fluctuation
of the round trip fiber measured by TIC1 when the tempera-
ture was varied between 15 °C and 40 °C. Over one day, the
round-trip delay fluctuation of the 30-km fiber link was 60 ns.
To evaluate the performance of the system, the recovered tim-
ing signal at the remote and download modules were compared
with a local module clock signal with a 1-s averaging time, and
are represented by the red and green lines in Fig. 2. The test
results are normalized, which means that only the variation is
expressed and the mean values are set to zero. The delay fluc-
tuation of the remote module was less than £100 ps and that
of the download m was less than £125 ps.

3. Error analysis and the calibration of experi-
mental apparatus

Using the above mentioned method, we can obtain a
highly stabilized timing signal at client modules. To real-
ize time synchronization, the system error should be deter-
mined and eliminated. For example, the controlled delay
box has an intrinsic dead time delay 7y, which is 80 ns to
90 ns. Therefore, the time delay between the input trigger
and the recovered signal is T;ox Which equals to Ty, + Tiet,
where Ty is the delay value, which can be adjusted with 5-
ps resolution. However, the delay of the optical components
may also contribute to the system transmission asymmetry,
which also results in synchronization inaccuracy. The wrong
estimate of the absolute value of Tip and Tjr caused
by the system transmission asymmetry can be expressed as
Tisydownload at download module and T;syremote at remote mod-
ule, respectively. Tysydowntoad a0d Tasyremote are mainly induced
by the asymmetric assignment of utilized components. Con-
sequently, for the download module, the modified time de-
lay of the recovered timing signal behind the local module is
0.5(Ty + T2) + Tasydownload + Tur1 - For the remote module, the
modified delay is 0.577 + Tasyremote + Tar2. Once the accurate
values of Tisydownload> Tasyremote> Tar1> and Ty are determined,
then accurate time synchronization can be realized.

We used two methods, the integrated calibration method
and separated calibration method, to calibrate the system
transmission asymmetry and compare the results. For the inte-
grated calibration method, at first, we spliced the local, down-
load and remote modules. Figure 3(a) shows the integrated
method used to calibrate Tysydownload- TIC3 is used to mea-
sure T3, which is the true value of the time delay of the re-
trieved timing signal at the download module behind the local
module. Tisydownload 1S equal to 73 — 0.5(7; 4 T>), which is
the transmission asymmetry of the download module. Sec-
ondly, figure 3(b) shows the integrated method used to cali-
brate Tysyremote- 11C4 is used to measure the true value of the
remote module time delay 7. Tsyremote 1S given by Ty —0.577,
which is the transmission asymmetry of the remote module. At
the same time, the thermal drift of the devices was evaluated
and calibrated. During the calibration, experimental devices
shown in Figs. 3(a) and 3(b) were placed in a temperature-
controlled box where the temperature was varied from 20 °C to
30 °C. The measured Tysydownload and Tisyremote along with the
variation in temperature were recorded. By linearly fitting the
acquired data, the thermal drift relationship of Tisydownioad (?)
and Tisyremote(f) can be obtained as shown in Figs. 4(a) and
4(b). In the diagrams, all measured samples are represented
by the shaded area and the mean values are represented by
solid lines within the shaded areas.
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Fig. 3. (color online) A schematic illustration of the two transmission asymmetry calibration methods: (a) the download module
integrated calibration method; (b) the remote module integrated calibration method; (c) the separated calibration method using an
LD-detector pair. All fiber pigtails are included in the components and all the signal cables used are also marked.
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Fig. 4. (color online) Results of the integrated calibration method: (a) down-
load module calibration results; (b) remote module calibration results.

In practical applications, the temperature of the three
modules may be different, or the calibration process may not
be undertaken at the same place because the fiber link has al-
ready been deployed. Consequently, the separated calibration
method is used to obtain the asymmetry values by calibrat-
ing all components one by one. To obtain Tsydownload and
Tasyremote> the results of the calibration of individual compo-
nents are accumulated according to the system arrangement.
The results of the two methods can be compared with each
other to demonstrate their calibration accuracy. The separated
calibration scheme of the individual components is shown in
Fig. 3(c). Each of the optical components, including the opti-
cal couplers, Erbium Doped Fiber Amplifiers (EDFAs), opti-
cal circulators and Laser Diode (LD)-detector pairs were cal-
ibrated under different environmental temperatures with the
help of TIC5 according to the scheme. At first, the calibration
of the LD-detector pairs was performed. Secondly other com-
ponents were calibrated by subtracting the contribution of the
LD-detector pair. Thirdly, using the same method of linearly
fitting and thermal drift relationship identifying, the results
of the separated calibration are obtained as shown in Fig. 5
(panel (a) to panel (e)).
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Fig. 5. (color online) Calibration results of all apparatuses: (a) LD and detector pair; (b) EDFAs; (c) optical circulators; (d) optical

coupler 2; (e) optical coupler 1; (f) controlled delay boxes.

The time delay of the cables used in Fig. 3 were also measured and are recorded in Table 1. Using these data, the measure-
ment difference between the integrated calibration method and the separated calibration method is shown in Fig. 6. The results of
the comparison are promising. The calibration difference of 50 ps in the 20 °C-30 °C temperature range reflects the calibration

accuracy of these two methods.

Table 1. The time delay of the cables used in the calibration.

Cable number 1 2 3 4 5 6 7 8+9 8+10
Transfer delay/ns 3.282 3.285 3.364 2.527 2.527 4.805 4.839 3.709 3.702
Uncertainty/ns 0.001
: : : : : . : ; : 0.10 —— ————
0.159 —=— download difference —s—remote difference

Time delay difference/ns

Time delay difference/ns

24 26
Temperature/°C

Temperature/°C

Fig. 6. (color online) The difference between the two calibration methods (integrated and separated): (a) download module calibration

difference; (b) remote module calibration difference.
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The dead time Ty () of the two control delay boxes
were also calibrated in the same way. The result is shown
in Fig. 5(f). Using the modified control equation 7 ¢p =
05(I1+ 1)+ Tasydownload(t) + Tgr1 + ATy and Ty ior = 0.5T7 +
Tasyremote () + Tara + AT, the absolute time difference between
the local and client modules can be measured and controlled,
and timing synchronization among the three modules can be
realized. In our lab, the temperature is around 22 °C. Refer-
ring to Fig. 4 and Fig. 5(f), we obtain:

Tosydownload (22 °C) = 6.781 £0.053 ns, 3)
Tasyremote (22 °C) = 58.866 £ 0.048 ns, 4)
Tyt (22 °C) = 83.462 £0.199 ns, (5)
Tura (22 °C) = 83.4364-0.122 ns. (6)

To test the performance of the synchronization system, the ab-
solute time difference between the recovered timing signal and
the local clock signal was measured. At first, measurements
of 71 and T, were obtained in a single shot using TIC1 and
TIC2. The measured results of 0.5(7} + 1) and 0.57} were
173150.43 ns and 148530.57 ns, respectively. We can pre-set
the demanding time delay of the download and remote mod-
ules to Titop = 174000 ns and Ti 1or = 149000 ns. AT} and AT,
can then be set to:

1
AT = 17400 — 5 (T1+T,)—6.781 —83.642ns, (7)

1
AT, = 14900 — ETI —58.866 — 83.436 ns. ®)

When the round trip fiber transfer delay fluctuation is 60 ns,
using the two modified control equations of AT} and AT, the
measured time difference between the recovered timing sig-
nal at the download module and the clock signal at the local
module was 173999.894+0.125 ns in one day. The measured
time difference between the recovered timing signal at the re-
mote module and the clock signal at the local module was
149000.046+0.100 ns over one day. The difference between
the pre-set value and the measured value at the download mod-
ule and the remote module was 106 ps and 46 ps, respectively.
In this way, 100-ps synchronization accuracy was realized.

4. Conclusion and perspectives

We introduced a high precision optical fiber multiple ac-
cess timing signal synchronization method. The system is able
to realize 100-ps magnitude synchronization accuracy and sta-
bility for an average of 1 s. High precision timing signals can
be acquired at any arbitrary point along the fiber link. The
local module only need to measure the round trip delay and
broadcast it via ethernet and the compensation is carried out at
the download and remote modules, which is different to other
multiple access timing signal synchronization methods. Be-
cause of the merits such as high precision, low cost, robust-
ness and capacity for future extension, this scheme could be

considered as an option for complex time synchronization net-
works.
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