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Abstract—In this paper we focus on analyzing the accuracy of
time transfer in bidirectional fiber optic links. It has been pointed
out that one of the main uncertainty contributions in such links is
related to insufficient stabilization of the lasers’ wavelengths and to
the asymmetry of propagation caused by the fiber’s chromatic dis-
persion. To reduce these contributions, we propose a scheme where
the difference (offset) of the wavelengths of forward and backward
lasers is stabilized and where optical interleavers are used as diplex-
ers. This allows implementing a A-swapping technique to assess
dispersion-related link asymmetry during the link calibration. For
the investigation of these approaches and the measurement of the
associated stability we utilize a frequency-synchronized offset laser
module (FSOLM) to realize an offset of 25 GHz. In this paper, we
show that with the proposed A-swapping technique the uncertainty
associated with the propagation asymmetry due to fiber chromatic
dispersion can be reduced to values below 2.5 ps for links up to
1000 km long, making it insignificant compared to other uncer-
tainty contributions. A laboratory proof-of-concept experiment, in
which distances up to 540 km were tested, showed good agreement
between the measured and the anticipated propagation delay of
investigated links.

Index Terms—Calibration uncertainty, fiber optic, interleaver
filter, laser wavelength stabilization, time transfer.

I. INTRODUCTION

N RECENT years fiber optic time and frequency transfer
I techniques have become widespread across Europe and be-
yond, both in scientific and commercial applications. This is
because traditional transfer schemes based on satellites are no
longer sufficient to meet the requirements of users in terms of
accuracy, stability, security, reliability and accessibility.

Currently the uncertainty of time transfer links based on
global navigation satellite systems (GNSS) is typically around
2 ns [1] and a state-of-the-art method of calibrating receivers
reached an uncertainty of 1 ns [2]. Two way satellite time
and frequency transfer (TWSTFT) links, using geo-stationary
satellites, realize an uncertainty below 1 ns [3]; they, however,
require sophisticated equipment and trained staff.
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Fiber optic time transfer links, apart from being much more
accurate, offer an alternative, which is often easier to imple-
ment, especially for links with stabilized propagation delay,
and also easier to use and maintain. In addition, they do not
require access to the satellite signals, which are not always
detectable, e.g. in underground facilities or so-called urban
canyons. Depending on the link length and the technology used,
uncertainties in the range of 10 ps to below 1 ns [4]-[9] can be
achieved.

The advantages of using optical fibers to perform time and
frequency metrology are based on the inherent symmetry of
the transmission medium, which allows almost perfect com-
pensation of time delay or phase fluctuations when operated
bidirectionally over the same optical fiber. This feature is e.g.
absolute essential for optical clock comparisons and relativistic
geodesy [10].

The possible range of applications of the fiber optic time
transfer, apart from those related directly to the time scales
generation and time metrology [4], [5], [11], [12], include
telecommunications [13], [14], smart grid synchronization [15],
astronomy [16], [17], nuclear physics [18] and even the financial
sector [19], [20].

Each time transfer link is composed of two terminals that
exchange an optical carrier modulated with one pulse per second
(PPS) signals (in practice they are often associated with a radio
frequency carrier). The link can be organized either in a two-way
configuration (in analogy to TWSTFT) [4], or as a feedback
system, [7], [8], which can stabilize the delay or the phase of the
signal delivered to the remote end of such a link. Hybrid systems,
intended to transfer RF, PPS and optical carrier [22]-[24], have
also been investigated.

One of the specific aspects of time transfer, is the necessity
of link calibration to determine the relation between the time
scales at both ends of the link. This requires measurement of
various delays associated with either the terminals or the optical
fiber used to connect them [4]—[9]. This procedure is especially
convenient in fiber optic links with stabilized propagation delay,
where it can be performed from one side of the link only [5],
(71, [13].

In the quest to achieve more accurate link calibrations, various
aspects need to be taken into account. Typically, the uncertainty
of link calibration increases with the length of the link; this is
mainly because the fiber’s chromatic dispersion causes residual
asymmetry in the counter-propagating directions. This asso-
ciated uncertainty contribution is usually substantial and can
dominate the entire calibration [5], [13].
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Fig. 1. General block diagram of fiber optic time transfer links: two-way
(a) and stabilized propagation delay (b) architectures. Tx stands for the laser
transmitter, Rx for optical receiver, OC for an optical circulator and OF is an
optical band-pass filter.

There are approaches for reducing the aforementioned uncer-
tainty contribution by using the same wavelengths to transmit
signals in the forward and backward directions. This, however,
is ineffective in links longer than a few tens of kilometers [25]
unless special coding techniques [26] or amplification schemes
requiring calibration of each amplifier [27] are implemented.
This is due to problems with stray reflections and Rayleigh
backscattering [28], which, for equal wavelengths, cannot be
distinguished from the useful signals and generate a substan-
tial amount of noise. In addition, the lasers operated in two
physically separated locations can have only nominally equal
wavelengths, so that the accuracy of their actual values is still
associated with higher uncertainty values if a fiber link is oper-
ated in a wavelength region of non-zero chromatic dispersion,
which is usually the case.

In this paper measures are proposed, analyzed and evaluated
that make the calibration uncertainty due to the propagation
delay asymmetry, related to fiber’s chromatic dispersion, prac-
tically negligible and almost length-independent.

II. GENERAL FIBER-OPTIC TIME TRANSFER IDEAS AND
THEIR ACCURACY

Let us first consider a generic fiber optic time transfer link,
organized in a two-way configuration, shown schematically in
Fig. 1(a). In this link the reference timing signals produced
by two independent clocks, marked as CLKyw and CLKg, re-
spectively, are exchanged between the west and east sites via
corresponding west and east terminals, which are responsible for
converting the signals from the optical to the electrical domain
and vice versa. To assure that any fluctuations of the propagation
delay of the transmission medium affect the transmitted signals
equally in both directions, a single, bidirectionally operated
fiber is used. When the length of the link exceeds some tens
of kilometers, it is necessary to employ different wavelengths
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in the forward and backward directions, marked here as A r and
Ap, to circumvent the influence of the Rayleigh backscattering
on the stability of transmitted signals.

The signals provided by the reference clocks (try and trg,
for the west and east ones, respectively), usually in form of one
pulse per second (PPS), after transmitting to the other side of
the link, can be expressed as:

ey
2

where 7 (Ar) and 75(A g) are the forward and backward prop-
agation delays of the fiber, with their wavelength dependence
marked explicitly. Terms marked as 7;r and 775 are used
to account for all the instrumental delays (due to cables and
electronics inside the terminals) of the forward and backward
paths, respectively. Measuring the signals at both sides of the
link using time interval counters (TIC) and then swapping the
results allows a comparison of the two involved timescales:

Tw —Tg  17¢ | ATros
2 2 2 7

where Ty = tgw — tre—w and Ty = trrp — trw_ g are the
readings of the TICs, 7c = 777 — 77 is the calibration constant
related to the asymmetry of propagation between the forward
and backward directions inside the east and west terminals, and
Atpep = T7r(Ar) — 75(Ap) is the asymmetry of propagation
of the optical fiber due to its chromatic dispersion and other
effects (see below).

The link with a stabilized propagation delay, shown schemat-
ically in Fig. 1(b), provides an “exact” copy of the timing signal
from the west terminal to the east terminal, with stable and
known propagation delay (after calibration). The signal at the
east terminal can be obtained by putting tpp = tpw_p and
observing that the feedback loop keeps the round-trip (i.e. from
the west terminal to the east one and back) propagation delay
Trr constant. It is equal to:

trw—g =trw —Trr — T (AF),

trE—w =tre — TiB — 7B (AB) ,

3

trw —lrE =

T, T AT
tRW%E:%‘F?C'F%

Equations (3) and (4) show that the accuracy of time transfer
in both approaches is influenced by similar factors. These are
related to the accuracy of measuring time intervals Ty, T
and Trr, determining the asymmetry of terminals 7¢, and
determining the propagation delay asymmetry A7p., 5. The
limits on the accuracy due to the first two factors depend mostly
on our capabilities of measuring the time intervals. Using a
high-speed oscilloscope (like e.g. Keysight DSOS404 [29] or
equivalent) or modern high-precision counters [30], [31] the
uncertainty can be reduced to a few picoseconds only. In case
of the delay-stabilized link the instrumental factor includes also
the asymmetry of the matched delay lines, which, however, for
custom-designed application specific integrated circuits (ASIC)
can be at the level of 6-7 ps [7], [13]. This suggests that the
contribution of the first two terms in (3) and (4) can be kept at
less than 5 ps (with the sensitivity coefficient of 1/2 included).

The asymmetry associated with the counter-propagating
wavelengths is included in (3) and (4) as a few terms that affect

+trw. 4
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the accuracy of link calibration. The uncertainty contribution
from the fiber birefringence can usually be neglected in current
day fibers [5], however the contribution from the Sagnac effect
and fiber’s chromatic dispersion have to be taken into account. In
this paper we will focus on this last factor as it is directly related
to the fiber’s properties and its uncertainty contribution can be
optimized by proper design of the time transfer hardware. Ac-
curate calculation of the Sagnac correction requires knowledge
about the fiber’s path and can be accounted for using appropriate
models [6].

The propagation asymmetry caused by the chromatic disper-
sion can be expressed as:

Atpop = DrAips s, )
where Dr = L - D denotes the total chromatic dispersion of
the entire L of the link, D is the chromatic dispersion coef-
ficient and AAp,.,p = Ap — Ap. The accuracy of determining
ATtp.,p depends critically on two aspects: the methods applied
to stabilize the lasers’ wavelengths and those to evaluate the
chromatic dispersion.

The lasers used for time transfer applications are usually
telecom-grade, distributed feedback (DFB) lasers, either stand
alone or mounted within small form factor pluggable (SFP) mod-
ules. As phase coherence is not essential here, the wavelength of
the laser is kept constant by either just laser temperature stabi-
lization or by referencing the laser wavelength to a Fabry-Perot
(F-P) etalon (i.e. a wavelength locker). Our extensive experience
with these techniques shows that, after careful adjustment, accu-
racy at the level of =1 pm to 2 pm can be achieved. However,
residual thermal sensitivity and component aging cannot be fully
removed [32].

The total chromatic dispersion of the link can be obtained
from either typical values or measured values of the chromatic
dispersion coefficient, D, and the fiber length measured e.g.
with an optical reflectometer (OTDR). To improve the accu-
racy, however, a preferred approach is to use a method with
a calibrated laser shift. In its basic implementation the laser
wavelength in one of the terminals (e.g. the west one) is detuned
from its working value by a calibrated, known shift of A [5].
Using this approach (5) can be transformed to:

AApeB

NI (6)

ATpop = ATy

where ATy, is the change of the delay observed due to the
change of the laser wavelength. An estimation of the accuracy
of Atp.p, based on (6) shows that it could dominate the
uncertainty of entire transfer link. The lower limit is given
by the multiplication of the uncertainty u(A7s) by the ratio
A)Lpep/Alpr, which in practice can be between 2 and 3. This
value results from the bandwidth limitation of the optical filter
that needs to be placed prior the optical receiver to filter out
the Rayleigh backscattering of the counter propagating signal
(see Fig. 1). Then, the uncertainty u(A7p., ) increases with
the length of the fiber due to increase of A1y, reaching a level
of 100 ps for distances at the order of 1000 km.
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Thus, a more elaborate method of link calibration with the
calibrated laser shift has been proposed [13]. It requires a two-
step procedure with a long test fiber (ranging from 100 km to
300 km, depending on the required length of a time transfer link),
which makes the calibration process more complex. However,
the advantages are that the requirement of knowing exact values
of Al and Arp,p are relaxed and the uncertainty is lower
than in the basic version described in [5].

The analysis above shows that the factors limiting the cali-
bration uncertainty of the fiber optic time transfer link are: 1).
the quality of the lasers” wavelength stabilization and 2). the
assessment of the asymmetry due to fiber chromatic dispersion.

The main idea, which is proposed and evaluated in this paper,
is that for time transfer only a relative stability matters, that is
the stability of the difference of the wavelengths (see (5)). It will
thus be advantageous to lock the optical frequency of the laser
in one of the terminals to the frequency of the other one (e.g. the
east one to the west one) with a suitable offset between them. A
similar approach is employed e.g. in regenerative laser stations
(RLS) [33], developed for signal regeneration and distribution
for long-haul optical carrier transfer systems to increase the link
distance. In the case of the time transfer considered here, it is
enough to have the lasers locked only with respect to frequency,
as no optical coherence is needed. In addition, the bandwidth
occupied by modulated optical signals is on the order of a few
GHz, so it is mandatory that the offset conforms to the grid
specified by International Telecommunication Union (ITU) for
dense wavelength division multiplexing (DWDM) [34]. This
way it is possible to use commercially available optical filters to
separate the forward and backward signals.

III. RELATIVE WAVELENGTH STABILIZATION WITH A
25 GHZ OFFSET

The availability of high-speed photodiodes with multi-GHz
bandwidths and millimeter-wave integrated circuits (mixers,
amplifiers, frequency dividers and microwave synthesizers) al-
lows design of a compact laser subsystem with an offset in
the range of several to several dozen of GHz relatively easily.
In Fig. 2 such a frequency-synchronized offset laser module
(FSOLM) for a 25 GHz offset is presented.

The laser used in our setup is a so-called integrable tunable
laser assembly (ITLA) module, mainly because of its ease
of tuning and versatility in selecting its frequency anywhere
between 191.5 THz to 196.25 THz. This laser is compliant with
a multisource agreement standard (MSA) and can be digitally
tuned with the granularity of 1 MHz by programming its in-
ternal registers via a serial digital interface [35]. It also offers
the possibility to define its own frequency grid and switching
between the channels on the fly, which will be further exploited
for determining the asymmetry of the fiber link due to fiber
chromatic dispersion. The presented solution, however, will
work equally well with any kind of single-mode laser (e.g.
telecom grade DFB types), which can be tuned, e.g. by changing
its temperature or current.

In the proposed scheme the beat note between the refer-
ence laser (Vges) and the tunable one (vrp), equal to fyeqr =
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Fig. 2. Simplified block diagram of frequency-synchronized laser module
with a 25 GHz offset to the reference laser. OC stands for optical coupler,
MZ for Mach-Zehnder and PolC for polarization controller. Any mention of
commercial products is for information only; it does not imply recommendation
or endorsement by the authors.

WAV /A%, where ¢ denotes the speed of light and Ag =
(Ar +Ap)/2, is detected in a high-speed photodiode (PD-30
from OptiLab) and is directed to a sub-harmonic (second order)
mixer via a low-noise amplifier. The local port of the mixer
is supplied from a microwave synthesizer with the output fre-
quency equal to fro. The role of the mixer is to down-convert
the high-frequency beat note to a frequency range, which, after
further division by N using a chain of high-speed dividers,
can be processed by a microcontroller (1C). In our case, we
chose frr = 2.6 GHz, although this value is quite arbitrary. A
low-pass filter (LPF) at the mixer output is used to reduce the
crosstalk with the LO port, which was a source of a non-linear
behavior of subsequent amplifiers.

The main task of the uC is to take the burden of frequency
measurement (using its internal timers) and forming the control
signal to ITLA using a proportional/integral/derivative (PID)
algorithm. The uC is also responsible for communication with
ITLA and the synthesizer, which needs initialization.

The entire system forms a frequency locked loop (FLL),
where the divided beat frequency, fp, is kept equal to f;. This
way the offset frequency between the lasers, ficqt, is stabilized
and can be determined by the formula:

freat = (N - far +2- fro), @)

which for the chosen values of fr,o of 11.2 GHz, fj; of 2.5 MHz
and N = 1040 gives the desired offset value of 25 GHz. (Larger
offsets are also possible but require higher-speed frontends that
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make system design more challenging.) The sign of the offset
depends on the sign of the feedback loop, which can be changed
in software via PC. This allows setting ITLA either above or
below vg.r, which will be further exploited for determining
ATpoB.

Two components of the uncertainty of the beat frequency,
u(freat), which corresponds to uw(AAp.p), can be distin-
guished in the proposed scheme. The first one (type B) is related
to the accuracy of the frequency of the clock oscillator driving
the microwave synthesizer and timers inside the ;C performing
the frequency measurement. The second one (type A) is caused
mainly by internal instability of ITLA and its tuning limitations.

Denoting the multiplication factor of the synthesizer as K,
the type B uncertainty can be estimated as:

up (foeat) = (2 K - foLx + N - fur) %7

(®)
where Af/f is the relative uncertainty of forx. Assum-
ing Af/f = 42.5 ppm as characteristic for temperature com-
pensated crystal oscillators (TCXO), allows an estimate of
uB(freat) = 65 kHz (~5-1075 pm).

The type A uncertainty of the described FSOLM was evalu-
ated in the laboratory by measuring the stability of fyeq:. As
this frequency is too high to conveniently perform a direct
measurement, we assessed the signal at the output of the N-
divider using a K+K FXE-80 phase and frequency meter (see
Fig. 2). The setup we used in this measurement comprised a RIO
Planex laser module as a source of remote optical frequency set
for vgey = 193.5125 THz, modulated using an external Mach-
Zehnder (MZ) modulator, driven by the signal conveying the
time and RF frequency. The signal from the modulator, after
attenuating it to —20 dBm, was applied to the input of the
considered FSOLM.

The results registered over five days, after multiplying by N
to compensate for the effect of the divider, are shown in Fig. 3(a).
The root-mean-square (RMS) value of the fluctuations, which
can be used as an estimate of u(fpeqt), 1S around 7.6 MHz
(that corresponds to 0.06 pm) and results mainly from the above
mentioned granularity of ITLA tuning of | MHz and its relatively
slow response of ~1s.

The same measurement, repeated with the laser stabilization
loop disabled, showed slow and large wander of ITLA frequency
with its RMS value around 190 MHz (Fig. 3(b)). The 25-fold im-
provement of stability, together with a symmetric, Gaussian-like
distribution of fluctuations, showed no signs of jumps or trends
with the stabilization loop activated (see histograms in Fig. 3(a)),
demonstrating the proper implementation and operation of the
FSOLM. The measurements were repeated for both positive
and negative offsets with respect to Vg, and showed similar
performance of the investigated circuit in each case.

Based on (6) one can estimate the joint contribution of both
type A and type B uncertainties of f.,: to the uncertainty of
determining A7p., g as being on the order of 1.2 ps, even for a
1000 km long fiber link. This result of 1.2 ps demonstrates that
a calibration of time transfer link is not limited by laser-related
issues, like their relative inaccuracy and/or instability.
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Fig. 4. Comparison of the uncertainty related to the propagation asymmetry
due to chromatic dispersion. The inset shows zoomed plots for the FSOLM and
FSOLM with the A-swapping cases.

IV. UNCERTAINTY RELATED TO LINK ASYMMETRY

The uncertainty associated with link asymmetry caused by
chromatic dispersion has to take into account the thermal de-
pendence of chromatic dispersion. This can easily be done by
modifying the basic equation (6):

(1 "

where AT is the temperature change and dD/dT is the chro-
matic dispersion thermal sensitivity.

The uncertainties calculated with (9) for the wavelength sta-
bilization schemes, using either an optical etalon or FSOLM are
shown in Fig. 4 with black and blue lines, respectively. (The case
named A-swapping, also shown in the figure, is discussed in the
next section.) The calculation results plotted for Fig. 4 assume a

1dD

DdTAT) ; C))

A}\F<—>B

ATpep = ATy 7AAM
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standard singlemode fiber (SMF) with D = 17 ps¢cnm~!¢km ™!
and dD/dT=4fsnm~'¢ckm~' K~!. The ratio AAp, g/ Aly =
2.67 is used and AT of 20 °C is assumed. The uncertainties
u(AApep) and u(AX ) were assumed to be equal, with values
of 2 pm and 0.06 pm for etalon-based and FSOLM schemes,
respectively. An uncertainty of the time interval measurement
of u(A7pr) = 3 ps, results in the uncertainty u(A7g., ) of less
than 10 ps for the FSOLM case, which, furthermore, appears to
be almost independent of the link length. This is a substantial
improvement comparing to the etalon-based scheme.

V. IMPROVED IN-SITU ASSESSMENT OF LINK ASYMMETRY

The uncertainty values for FSOLM presented above are low;
however, there is still room for improvement. The idea that is
proposed in the following is to use a pair of optical interleavers
as diplexers (see Fig. 5(a)) instead of using optical circula-
tors and filters in the time transfer schemes shown in Fig. 1.
Such an interleaver has a comb characteristic and is a standard
tool for multiplexing and de-multiplexing lightwave traffic in
telecommunications applications with grids supporting frequen-
cies less than 50 GHz, for which single channel DWDM filters
are difficult to manufacture. In our application, the advantage
of interleavers is that their use allows substantial increase of
Axps compared to the typical DWDM filter. This is because,
in this approach, tuning of the laser during the measurement of
the asymmetry of propagation delay caused by the chromatic
dispersion is not limited by the bandwidth of the filter, but can
be done using consecutive interleaver channels (each one cor-
responding to the single comb of the interleaver characteristics)
and swapping the laser wavelength between them. In this way the
sensitivity coefficient associated with (A7), which equals to
Arpop/Alps (see (9)), can be reduced from its typical value
around 2.5 to as low as 0.5.

There are two possible approaches to implementing the above-
mentioned idea of A-swapping. In the first of them, shown
in Fig. 5(b), the wavelength of one of the lasers, e.g. Ap, is
symmetric with respect to the other one (i.e. A ), giving the net
change of the wavelength AAy; = 2- Alp., . The same net
change can also be obtained using the second approach, shown
in Fig. 5(c), where during the measurement of Ay, the lasers
wavelengths are exchanged. The first approach consumes more
optical bandwidth and, in addition, requires taking into account
the non-zero dispersion slope S of the optical fiber, because
the estimation of dispersion is performed at a different wave-
length than Ap = (Ap + Ap)/2. This, however, can be easily
included by multiplying (9) by another correction term, equal to
(1=S5/D - Aipe ). Typical values of S in the vicinity of 1550
nm are equal to 0.058 ps-nm~2-km~', 0.045 ps-nm~2-km~! and
0.085 ps-nm~2-km~! [36] for SMF, non-zero dispersion shifted
(NZDSF) and large effective area (LEAF) fibers, respectively.
The value of the correction factor is close to one, but needs to be
taken into account for calibration at the picosecond level. This
is especially true for NZDSF or LEAF fibers where the error
resulting from omitting this correction is ~2 ps and ~4 ps for
a 500 km long link, respectively (assumingAA g, 5 = 0.2 nm).
For the SMF fiber an error of ~1 ps is expected. As the approach
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of Fig. 5(b) is easier to implement (only one of the lasers needs
to be tuned) we decided to use it in the experiments described
in the next section.

The uncertainty of A7g,, g using A-swapping is drawn with
red color in Fig. 4, taking AL s = 2 - Adp,, . In comparison to
the case using just FSOLM alone, a reduction by a factor of two
to five, depending of the link length, is noticeable. The resulting
uncertainty u(ATp,p) is thus below 5 ps even for a 1000 km
long link. This way we reached a state where the calibration
of time transfer link is limited by neither the lasers’ stability,
nor their wavelength accuracy. The residual length dependence
of u(A7p.,p) is caused by a non-zero thermal coefficient of
chromatic dispersion — if required this effect can be reduced
by decreasing the spacing between the forward and backward
directions from 25 GHz to e.g. 12.5 GHz.

VI. EXPERIMENTAL VERIFICATION OF CALIBRATION

To confirm the predictions presented in the previous sections
we performed a proof of concept experiment, where the cali-
bration of a stabilized time transfer link was compared with the
direct measurement of its propagation delay. For this experiment
we employed a technology known as ELSTAB for electronically
stabilizing the propagation delay of the fiber link [7], with both
west and east terminals co-located in the same laboratory to
make the comparison possible.

The experimental setup is shown in Fig. 6. It is composed of
two modified ELSTAB terminals, where the optical circulators

and filters have been replaced with interleavers (25/50GHz by
Optoplex) and the optical transmitters use external M-Z modula-
tors, together with required stabilization electronics. In the east
(remote) ELSTAB terminal, the FSOLM with a 25 GHz offset,
as described in Section III, was installed. This setup was tested
over the distances ranging from 50 km up to about 540 km,
composed of spooled and field-deployed underground fibers.
Between the spans, a suitable number of single path bidirectional
optical amplifiers (SPBA) [5], [7] were inserted to compensate
for the losses. The optical power reaching the input of the east
terminal was kept at the level of around -28 dBm.

The measurements were performed relative to the reference
port (PPS_REF) of the west ELSTAB module, where the signal
marking the exact time instant of the PPS pulse transmission
is available. We used a high-speed digital oscilloscope with a
sampling rate of 20 GHz and bandwidth above 4 GHz (Keysight
DSOS404A) to measure time intervals. To remove uncertainty
contributions associated with the oscilloscope time base, we
synchronized the oscilloscope from the same generator, driven
by a 10 MHz oven controlled crystal oscillator (OCXO), which
served as the source of PPS and 10 MHz signals being the inputs
to ELSTAB system. The oscilloscope was triggered from an
auxiliary PPS output of the generator, which was synchronized
with the main PPS output and delayed by a constant delay. To
speed up the measurements we employed a 100 PPS reference
instead of the usual 1 PPS reference.

The measurement done for each fiber span was composed
of a few phases. First, the oscilloscope was calibrated by con-
necting its input (channel 2) to the PPS_REF port of the west
ELSTAB terminal and the skew between channels 1 and 2 was
adjusted to set the position of the PPS rising edge to zero. This
way we compensated for the delays introduced by the cables
and removed any internal skew of the oscilloscope. Next, we
used the same cable to measure the round-trip (T’r7) and the
propagation (7m%ursd ) delays by connecting the PPS_RET
and PPS_OUT ports to the oscilloscope, respectively. In the last
step, we measured the asymmetry A7g, g due to fiber chromatic
dispersion. This was done by deactivating the stabilization loop
of the ELSTAB system and measuring the change of the round-
trip signal in response to switching the FSOLM frequency from
vp to 1/§3, as was described in Section I'V. Due to the impact of
temperature changes on the delay of fiber under the open-loop
conditions required for the A7p,, p measurements, we made a
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TABLE I
RESULTS OF EXPERIMENTAL VERIFICATION OF TIME CALIBRATION
Ne | length Tyr At ., T;Zfi:i;]w ;"E];‘ﬁg{ﬂ difference comments
[km] [ps] [ps] [ps] [ps] [ps]
(a) (b) (c) (d) (e) () (2)
1 50 496730497+8 161=4 2483703748 24837037348 1=11 1 spool
2 100 9920604988 323+4 4960352938 4960352928 T=11 2 spools, IXSPBA
3 140 120992049748 394+4 6049652618 604965256+8 +511 2x70 km field deployed, IXSPBA
4 150 148735049648 485+4 743680210+8 743680210=8 0+11 3 spools, 2xSPBA
5 | 200 19826604988 6444 99133512948 9913351328 311 4 spools, 3xSPBA
6 | 250 24780004988 8024 12390050528 12390050528 011 5 spools, 4xSPBA
7 | 300 29732504938 9604 1486629973+8 1486629971=8 1211 6 spools, 5XSPBA
8 | 350 34685704908 11234 17342898868 17342898888 211 7 spools, 6xSPBA
9 | 400 39637704968 128344 1981889814=8 1981889811=8 311 8 spools, 7<SPBA
10 | 420 407287049348 -1322+4 20364397868 20364397908 A4x11 7 spools + 735;;];121‘1 deployed,
1| 47 467724049348 151844 2338624689+8 23386201928 311 8 spools + 725;%‘21@1 deployed,
12 | 540 517259049748 167824 25862996108 25862996148 4411 8 spools + 2X972 Sklf];ield deployed,

series of 10 measurements to detect and further remove any
resulting trend that otherwise would affect the measurement
accuracy. The uncertainty contribution associated with this issue
is below 1 ps after trend compensation and can be neglected in
our case. The problem is minimal for underground fibers, but is
significant when using spooled fibers in the laboratory.

To measure the position of the rising edge of PPS pulses, we
sought for the crossing with a reference level, set in the middle of
the pulse amplitude and then, with help of the histogram option
of the oscilloscope, we found the mean value of the registered
crossings. The results of the measurements are summarized in
Table 1.

The calibration formula, which was used to calculate the
anticipated value of the link propagation delay shown in column
(e), is based on (4) and reads:

Trr  T7c  ATros
TREFSOUT = —5 t 5 Ty (10)

The value of the calibration constant 7 was measured
with both the west and east terminals connected with a
short patchcord as equal to 10409 ps with u(7¢) = 6.5 ps.
The uncertainties of measuring time delays using the oscil-
loscope were estimated based on the manufacturer’s data as
u(TREF—RET) = u(THe%Usd ) = 4 ps. Based on Fig. 4 and
taking u(ATr, ) = 3 ps, one can get the combined uncertainty
of the link calibration, u(rgysulated ) as equal to about 4 ps.
The expanded uncertainty shown in Table I in columns (b) to
(f) use a typical expansion coefficient of 2, corresponding to a
coverage interval of 95%.

The main result of this experiment is presented in column (f).
This shows the difference between the measured and anticipated
delays of examined links. This difference is below 5 ps in each
case and it is well within the limits of the estimated expanded
uncertainty. This proves that using FSOLM with the A-swapping
can offer high accuracy time transfer over the distances covering
hundreds of kilometers.

VII. CONCLUSION

The factors that limit the accuracy of time transfer using fiber
optic links can be divided into two categories, one related to
the accuracy of time interval measurements and the other to
the stability of lasers’ wavelengths and the ability to assess the
asymmetry of propagation due to fiber chromatic dispersion.
In practice it appears that the latter one dominates in the case
where the lasers’ wavelengths are stabilized based on an etalon.
The technique of stabilizing the difference of the wavelengths
used for the forward and backward directions based on FSOLM,
which is investigated here, proved to be a viable solution to
overcome this limitation. The improvement compared to the link
without the described technique, is about an order of magnitude.

Implementation of interleavers as diplexers in a bidirectional
link allows applying the A-swapping technique, which can fur-
ther reduce the uncertainty of the calibration because it much
larger frequency shift that can be applied to the laser during
the asymmetry assessment. This allows an additional factor of
between two to five (depending on link length) in improvement
of the accuracy of determining A7, 5. Any further improve-
ment would require employing more accurate methods of time
interval measurement because the calibration uncertainty is now
limited primarily by the first two terms in (3) and (4).

The proposed methods, although tested here with ELSTAB,
can be used in any fiber optic transfer link exploiting bidirec-
tional transmission over the same fiber (using, e.g. a two-way
approach). They are certainly more complex than a standard
approach based on direct wavelength stabilization, but the im-
plementation of both proposed ideas, as proposed here, prac-
tically eliminates the impact of w(ATr.,5) and the dominant
uncertainty contributions come from the equipment used to
conduct the time interval measurement. In addition, the proposed
approach assures a long-term stability of the lasers’ wavelength-
difference, which cannot be fully guaranteed in any of standard
approaches where wavelength stabilization is performed inde-
pendently in each terminal.
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It should be pointed out that for time transfer purposes only the
stabilization of the relative frequency offsets between the lasers
is required and no phase coherence is needed. This substantially
reduces the requirements concerning the selection of suitable
laser sources, simplifies the system design and reduces costs.

The proposed setup can be further improved in two indepen-
dent aspects. One aspect is related to improving the short-term
stability, which requires upgrading the laser in the FSOLM. This
can be done either by using ITLA equipped with a piezo-electric
transducer (e.g. PPCL300 from PurePhotonics) or a narrowband
laser, like e.g. the RIO Planex. The other aspect concerns increas-
ing the sensitivity of the FSOLM, which is now limited to about
-30 dBm by internal noise of the electronics. For the application
considered in this paper, the current sensitivity of the FSOLM
is satisfactory, but it can be further improved by either reducing
the bandwidth of the microwave processing chain, which is now
about 3.5 GHz, or by implementing an image rejection mixer
to reduce the contribution of noise originating in the resistor
terminating the photodiode.
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