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Abstract—In this work we propose a solution for improving
the stability of optical frequency transfer in standard DWDM
networks, which do not support bidirectional transmission in
one fiber. The idea is based on the observation that the differ-
ential phase noise, resulting from the mismatch between the
forward and backward direction fibers, is strongly correlated
to the round-trip phase noise, and so may be efficiently com-
pensated for.
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I. INTRODUCTION

A well-established solution for comparing optical clocks
over a large distance is based on bidirectional signals ex-
change in a single optical fiber. Thanks to nearly perfect
matching of the phase noise picked-up in the forward and
backward directions in the single fiber, the impact of this
noise can be canceled out [1].

The possibility of using standard (i.e. not specially modi-
fied) DWDM infrastructure for optical clocks comparison is
based on a so-called alien wavelength service, when a dedi-
cated wavelength channel in the network is devoted for prop-
agating metrological signals. In this situation, however, the
symmetry of bidirectional signals exchange is broken, as the
truly bidirectional scheme is substituted with two unidirec-
tional parallel optical paths, consisting of two fibers (in the
same cable), and two separate optical paths in network nodes
- see Fig. 1. Therefore the stability achieved in optical fre-
quency distribution using DWDM networks, that has been
reported till now, is insufficient, being in the range of 1" to
10" (for 1000 s and longer averaging) [2].

II. PROPOSED IMPROVEMENT
For long observation times, the main factor producing
signal phase instability in the fiber is impact of temperature,
affecting both the refractive index and physical length of the
fiber.
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Fig. 1. Actively stabilized frequency transfer in a single fiber and in a
DWDM network.

As the pairs of fibers used in DWDM networks are located in
the same cable, and even same tube inside the cable, the per-
fect temperature matching would be expected. In many ex-
periments we observed, however, that some differential
phase fluctuations between two fibers in one cable appears.
Therefore, we believe that the thermal sensitivity of two fi-
bers may be more or less, but always noticeably, different.
Provided that the refractive index and length expansion line-
arly depend on temperature, this leads to a hypothesis that
differential phase fluctuations are proportional (correlated) to
the total, round trip fluctuations. We observed such evident
correlation in all performed experiments, both with soil-
buried and aerial (suspended) fibers - see Fig. 2.

The postulated mismatch between forward and backward
fiber may be written in the form: @yp = (1 + m)@yg, Where
m is a small mismatch parameter, usually in the range of
£1%107 ... #3*%107 (see also Fig.3). The resulting phase
error at the end of the link may be written as:

Yerr () = [onr (@) + ()] [Mm/(2 + m)]. (D

The phase fluctuations @y and @yp are not directly observ-
able, but one may recall that their sum is being compensated
for by steering the AOM shown in Fig. 3. Therefore:

onr() + ong(t) = —Paom (B), 2

which means that if @, (t) is registered, it may be used for
compensating @grgr(t), by means of data postprocessing.
The challenge is, however, that the mismatch parameter m
should be determined in some way, which will be addressed
in the next section.
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Fig. 2. Correlation between differential and round-trip phase fluctua-
tions for pair of fibers for soil-buried (a), and aerial (b) cables.
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Fig. 3. Clocks comparison exploiting two parallel optical paths in DWDM network. Phase signals used in text marked.

III. PROOF-OF-CONCEPT EXPERIMENT REFERENCES

The experiment was performed in a 1500 km-long link (1] P. A. Williams, W. C. Swann, and N. R. Newbury, “High-stability
established in a standard DWDM network. The link had a transfer of an optical frequency over long fiber-optic links,” J. Opt.
form of geographical loop, with both ends in the same Soc. Am. B 25, 12_84_12,93_ (2005?)' ) o )
laborato ry at AGH Univer sity in Krakow. To mimic the real 2] E Turza, P. Krehhk,' L. Shwczynskl_, ,,Stablhty Limitations of 9ptlcal

) 3 N N ) A requency Transfer in Telecommunication DWDM Networks,” IEEE
situation of comparison of two optical clocks with slightly Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
different frequencies, we used a single ultra-stable laser, vol. 67, 2020.
frequency-shifted with two AOMs; by 50 MHz (,,Clock A”)
and 50 MHz plus 17 mHz (,,Clock B”). This is equivalent to
8.76%10" relative frequency difference between the " e
“clocks”.

o

In a real situation we do not know both the offset be-
tween the clocks, and the fibers mismatch parameter m.
These two parameters may be determined by a two-
dimensional fitting (optimization), done over a few days
measurement record. Basing on previous equations one may
write:
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where Av,_p is difference between clocks frequencies. Both a)

clocks offset and mismatch parameter may be obtained by
fitting of the left-hand side of the above equation to actually
measured @copp(t), over the entire measurement period.
The fitting is well conditioned when @4, (t) is not evolv-
ing linearly over entire measurement period, which usually

may be fulfilled in 5...10-days long measurement session.
The results are presented in Fig. 4. The raw data, recorded by
two phase comparators (FXE by K+K), are shown in Fig. 4a.
It may be noticed that ¢@¢opp, Which basically should reflect

mismatch par. m

-2 -1 0 1 2

the clocks frequency offset, is strongly corrupted by the un- clocks rel. frequency difference 107°
compensated differential phase fluctuation. After performing
the abovementioned fitting (optimization), the relative clocks b)

offset is estimated as (0.8 £0.1)x10™'. The result of the pro-
posed method may be also illustrated by comparing the 8000
clocks phase difference evolution estimated with help of the
procedure, with its true value, intentionally forced in this
experiment (see Fig. 4c). Some discrepancy is visible, but
after a few days measurement the offset is clearly visible, in
contrast to raw data @ o p(t) , presented in Fig. 4a.
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IV. CoNCLUSION
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time [s] x10°

In this work we described the new method for improving
the stability if optical frequency comparison in DWDM net-
work. The method uses standard alien wavelength service, c)
available in nowadays networks without any physical modi-
fications. The method is efficient for long averaging periods, Fig. 4. lllustration of the estﬁmation of phase difference between the
when fiber temperature changes are the dominant factor lim- clocks; raw data (), fitting map (b), and corrected phase (¢).
iting transfer stability.
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