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Using single wavelength light to improve the
synchronization accuracy of the White Rabbit system
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We demonstrate a new synchronization method for the White Rabbit system. Signals are transmitted in a single
mode fiber in both directions with the same light wavelength. Without the complex calibration process of the
fiber asymmetry parameter, the new method reduces the effect of chromatic dispersion and improves the syn-
chronization accuracy. The experiment achieves timing synchronization accuracy below 200 ps over 50 km fiber
constructed by different companies’ fiber spools. The proposed method would make White Rabbit technology
immune to the chromatic dispersion of fiber links and can be applied to long distance synchronization.
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High precision time synchronization technology has
been widely required in phased array antenna and related
astronomical observations®?, navigation®? telecommuni-
cation?, and timing control systemsY. Satellite-based
global positioning and navigation systems (GNSS), such
as the Global Positioning System (GPS)Z, Beidou®,
and the GLObalnaya NAvigatsionnaya Sputnikovaya
Sistema (GLONASS)| can provide nanosecond (ns) level
synchronization precision. However, in some applications,
satellite signals are unavailable. For example, the
radio astronomical telescope Square Kilometer Array
(SKA)2L requires precise time synchronization under
the radio silent condition. Furthermore, for the under-
ground accelerator and indoor localization system, they
also cannot receive the satellite signals. Fiber-based
White Rabbit (WR)Y time synchronization technology
is an excellent alternative synchronization solution. It
can provide sub-ns time synchronization within 10 km.
Since its high precision and compliance with Ethernet
standards, WR now has a wide range of applications in
cosmic particle detectors and timing control systems®1Z,
But in practical applications, the one-way transmission
delay is hard to estimate precisely because different wave-
lengths of light are used in the uplink (slave to master) and
downlink (master to slave). Furthermore, the long distance
urban fiber link is connected section by section. Different
fiber sections may be supplied by different companies.
All of these factors limit the synchronization distance,
which means the synchronization accuracy will be de-
creased at longer distances.

In this Letter, we demonstrate a synchronization
method for the WR system to eliminate the effect of
chromatic dispersion. Different to the conventional WR,
method, two laser lights with the same wavelength are
used to transmit and receive signals in a single fiber. A pair
of optical transceiver modules is used to modulate the elec-
tric signals on the laser light. The proposed method brings
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significant improvement on the long distance synchroniza-
tion accuracy. On a 50 km fiber link, which is constructed
by different companies’ fiber spools, the synchronization
error maintains below 200 ps. As a comparison, the timing
synchronization accuracy using the conventional WR
method is around 1.5 ns. It makes the proposed synchro-
nization method available for the already deployed fiber
link without complicated calibration.

WR is a solution to provide sub-ns synchronization ac-
curacy and reliable data transfer for multi-users over an
Ethernet-based topology network. Initially, the WR system
is used as a timing system for the experimental physics
facilities™. A typical WR. link consists of the WR. master
and the WR slavel, as is illustrated in Fig. 1(a). Based

on the Synchronous Ethernet technique?, the slave’s
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Fig. 1. Link model of WR system. (a) Schematic diagram of WR
system, (b) delay model of WR system. Arxar, Agxy are the
transmission and reception delays of the master device. Arxg,
Agrxs are the transmission and reception delays of the slave
device. €, €5 are the bitslide values while aligning the received
data stream. dyig, Ogy are the one-way propagation latencies in
fiber. WDM, wavelength division multiplexer; CDR, clock data
recovery circuits.
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internal clock reference is locked to the master clock via
the phase lock loop (PLL). To get the precise time delay
between the master and slave, the precise time protocol
(PTP) is performed to calculate the coarse link delay
through exchanging the timestamp message?2?. Because
the recovered clock is asynchronous to the local reference
clock, a Digital Dual Mixer Time Difference (DDMTD)
phase detector is used to enhance the resolution of time-
stamps and achieve sub-ns synchronization accuracyZ.
As WR is compatible to the gigabit Ethernet standards
1000BASE-BX10, a single mode fiber and different wave-
length light transmitting in both directions are required.
For example, using the small form-factor pluggable trans-
ceivers (SFPs), the master transmits and receives laser light
of 1490 and 1310 nm, respectively. The salver transmits and
receives laser light of 1310 and 1490 nm, respectively2. A
WR link established between two terminals is characterized
by the hardware delays and fiber propagation latencies pre-
sented in Fig. 1(b).

The transmission and reception delays Arxm, Arxu,
Atxg, and Agpxg are the hardware delays of master and
slave; they are unknown and can be recognized as constant
in the case of the sub-ns level synchronization. The bitslide
values (&, £5) can be obtained from WR software?. The
value of one-way fiber propagation latencies require it to
be estimated. Based on the WR model, the round trip
delayypy is described as

delayymt = Apxar + Arxar + Arxs + Agxs + Onis + Osum
+ &y + €.
(1)

In the synchronization process, the slave device requires
estimating the one-way master to slave delay:

delayng = Arxm + Sus + €9 + Agxs- (2)

For the conventional WR method, as the result of
chromatic dispersion, the fiber propagation latencies
Ons # Oqy- Therefore, the WR software defines a param-
eter a = (Syg/6sm) — 1 to compensate the propagation
asymmetry. If the link consists of one type of fiber, the
value of a will be independent of the fiber length, and
the WR synchronization error between the master and
slave nodes depends on the accuracy of parameter a.

To obtain the value of hardware delays (Apxn, Arxas
Arxs, Arxs) and the asymmetry parameter (a), CERN
(European Organization for Nuclear Research) provides
the calibration procedure®. In the procedure, it is neces-
sary to calibrate the a coefficient of the fiber in the WR,
link in advance, and the procedure cannot be applied to
the fiber link that consists of different fiber types (for sin-
gle mode G652 fiber, the a coefficient is different for the
fiber produced by a different company). While for the
deployed urban fiber link, it is spliced section by section.
Different fiber sections may be provided by different pro-
ducers. Therefore, a is hard to be measured precisely for

the deployed urban fiber link. From the research results of
Ref. [26], if @ has a variation of 1 x 107°, the value of
delayyg will change to 150 ps for the 10 km fiber link.
Thus, the performance of WR synchronization accuracy
is worsened in the practical application.

To eliminate the effect of chromatic dispersion, we
demonstrate a single wavelength WR synchronization
method. The schematic diagram of the proposed WR syn-
chronization scheme is shown in Fig. 2(a). In the experi-
ment, a pair of unidirectional SFPs transmits and receives
Ethernet signals in a separated fiber link with the same
1550 nm wavelength. A couple of optical fiber circulators
are used to route the uplink light and downlink light into a
single fiber.

Based on the link model, the round trip delayyp is
described as

delayymr = Apxar + Agxm + Arxs + Arxs
+5MS + 6SM + En +€S
=+ trxm + trxm + trxs + trxs- (3)

Once the master and slave are synchronized, ¢,; and €4
are fixed. tTXMa tRXMa ths, and tRXS are the transmission
delays in fiber circulators. As the fiber length of the cir-
culators is around 1 m, the transmission delays can also
be recognized as constant in the case of sub-ns level syn-
chronization. The sum of hardware delays and transmis-
sion delays in fiber circulators can be considered as new
hardware delays and be described as

Ay = Arxat + brxs

AR = Arxn + trxws

Atxg = Arxs + trxs,

ARxs = Arxs + lrxs- (4)
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Fig. 2. (a) Schematic diagram of the proposed WR synchroniza-
tion method. (b) The delay model of the proposed WR link.
trxa, trxa, trxs, and frxg are the transmission delays in fiber
circulators.
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Since the wavelength of light in the up and down link is
the same, the fiber latencies in the uplink and downlink are
equal;

Ons = Ogu- (5)

Therefore, the precise value of the one-way master to
slave delay is

delayys = Afpxy + Apxs + Ouis + €s- (6)

As the precise value of dyg and €5 can be measured,
the link delay asymmetry just comes from the hardware
delays (Al ARxg)- The hardware delays of each WR
device can be calibrated with a WR calibrator whose
Al and Apyy are known. After the WR device under
calibration is configured as the slave and synchronized
with the WR calibrator, the correction value to compen-
sate the slave hardware and circulator asymmetry can be
measured with the time interval counter (TIC) by com-
paring the pulse per second (1PPS) signal’s time
deviation, represented as skewppg. Thus, Alyg and
Alxg can be calculated®:

Arxg = (delayny — Apxy — Apxyr — €5 — €1r)/2
— Skeprs,
Agxs = (delayyng — Ay — ARy — €5 — €r)/2
+ SkeWPPs. (7)

Once the hardware delay of the WR. device is calibrated
precisely, the accurate one-way link delay delayy;g can be
transmitted to the slave.

To verify the performance of calibration and synchroni-
zation, the new hardware delay values are written into the
configuration of the WR device, and the 1PPS signals gen-
erated by the master and slave are connected to a TIC.
Figure 3 describes the synchronization result of the two
WR devices connected in a short distance (two fiber cir-
culators are connected directly). Using the proposed
method, the synchronization error of two WR devices is
shown in Fig. 3(a), which has a mean error value of
8.7 ps and a standard deviation of 27 ps. As a comparison,
Fig. 3(b) describes the result of the conventional WR
scheme, where a 3-m-long fiber and two bidirectional SFPs
(operating at 1310/1490 nm) are connected, in which a
mean synchronization error value of 5.7 ps and standard
deviation of 31 ps is obtained. The measurement results of
two WR synchronization schemes are similar, and their
mean synchronization values are less than 10 ps. It means
that the hardware delays of the two WR devices have been
calibrated correctly in these two schemes.

To further demonstrate the accuracy of the proposed
synchronization method, a 5 km and a 50 km standard
G652 fiber are connected into the link in turn. Figure 4
shows the synchronization results of different synchroni-
zation schemes when a 5 km fiber [YOFC, the dispersion
parameter is <18 ps/(nm-km) for 1550 nm and
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Fig. 3. (Color online) Result of two synchronization schemes.
(a) Time deviation of the proposed method when the WR master
and slave are connect directly. (b) Time deviation of the conven-
tional method when the WR master and slave are connect by a
3-m-long fiber.
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Fig. 4. (Color online) Result of two schemes when the WR
master and slave are connected by a 5 km fiber.

<3.5 ps/(nm - km) for 1285-1340 nm)] is connected. For
the conventional WR scheme, we first calibrate the asym-
metry parameter a of the 5 km fiber and write the value of
a into the configuration of the WR device. The black line is
the synchronization result, in which a mean synchroniza-
tion error value of 174 ps and a standard deviation of 32 ps
is obtained. For the proposed scheme, there is no require-
ment on the asymmetry parameter calibration. The red
line is the result of the proposed scheme, which has a mean
synchronization error value of 59 ps and a standard
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deviation of 31 ps. The result indicates that the proposed
scheme has a better performance as the asymmetry effect
of propagation is reduced.

As the practical fiber network may consist of fiber
provided by different manufacturers or different batches
from same manufacturer, the asymmetry parameter of
each fiber section may be different. The difference brings
significant impact on the practical application of the con-
ventional scheme, and the value of fiber asymmetry is hard
calibrate precisely. To simulate the practical application
case and verify the performance of proposed scheme, we
choose a 50 km fiber spool provided by a different manu-
facturer (CORNING), while the parameters (from the
data sheet) of the 5 and 50 km fiber spools are the same.
The result is described in Fig. 5.

In the conventional scheme, we keep the value of a
unchanged and connect the 50 km fiber into the link.
The black line is the synchronization performance of
the 50 km fiber link in the conventional WR, scheme,
which has a mean synchronization error value of
1572 ps and a standard deviation of 39 ps. The result
shows that the fiber provided by different manufacturers
actually has a big difference in asymmetry parameter
values, and this difference makes a serious impact on long
distance synchronization in the conventional WR scheme.
For the proposed scheme, a 50 km fiber is directly con-
nected into the link without recalibration. The red line
is the result of the 50 km fiber link in the proposed scheme,
which has a mean synchronization error value of 130 ps
and a standard deviation of 27 ps. The result indicates
that the proposed scheme can maintain high synchroniza-
tion precision, and it is available for the fiber link provided
by different manufacturers.

For the proposed scheme, the origination of the syn-
chronization error includes the wavelength offset and
wavelength drift of SFPs and hardware delay fluctuations.
To decrease the impact of wavelength error, we choose the
SFP pair whose wavelength difference is about 0.1 nm.
The wavelength drift of the SFPs is no more than
0.05 nm. The hardware delays and fiber circulator delays
will fluctuate within tens of picosecond with the change of
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Fig. 5. (Color online) Result of two schemes when the WR
master and slave are connected by a 50 km fiber.

temperatureZ, but the synchronization result can be ac-
cepted at the synchronization accuracy of the sub-ns level.

In conclusion, we demonstrate a synchronization
scheme for the WR system. The fiber circulators and uni-
directional SFPs allow the signals to be transmitted in the
same wavelength light via a single fiber. The proposed
synchronization method brings significant improvements.
The calibration procedures have been simplified. The sum
of the hardware and fiber circulator delays can be mea-
sured in a single step, and a coefficient does not need
to be calibrated. Secondly, the performance of the syn-
chronization has been obviously improved. In the conven-
tional WR, scheme, the accuracy of a limits the precise
measurement of the one-way link delay, and the a coeffi-
cient is different for the fiber links from different manufac-
turers and environment temperature. In our scheme,
different types of fibers can be connected directly, and
the performance of synchronization will not be influenced.
In addition, the new synchronization method is available
for the already deployed fiber link without complicated
calibration, and the performance maintains within
200 ps in the distance of 50 km.

This work was supported by the Program of International
S&T Cooperation under Grant No. 2016 YFE0100200.
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