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We demonstrate the transfer of a cesium frequency standard
steered to UTC(NIST) over 20 km of dark telecom optical
fiber. Our dissemination scheme uses an active stabilization
technique with a phase-locked voltage-controlled oscillator.
Out-of-loop characterization of the optical fiber link per-
formance is done with dual-fiber and single-fiber transfer
schemes. We observe a fractional frequency instability of
1.5x 1072 and 2 x 1075 at averaging intervals of 1 s and
10° s, respectively, for the link. Both schemes are sufficient
to transfer the cesium clock reference without degrading
the signal, with nearly an order of magnitude lower frac-
tional frequency instability than the cesium clocks over all
time scales. The simplicity of the two-fiber technique may be
useful in future long-distance applications where higher sta-
bility requirements are not paramount, as it avoids technical
complications involved with the single-fiber scheme. © 2024
Optica Publishing Group
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As frequency standards have seenrapid improvements in stabil-
ity over the past few decades, the ability to transfer a frequency
reference from one location to another without degrading the
signal has become of increasing interest in the frequency
metrology community. Numerous applications arise from ultra-
stable frequency transfer, such as precision tests of fundamental
physics, the development of long-baseline coherent radio tele-
scope arrays, and proposals for new gravitational wave detectors
[1-7]. Optical fiber is one of the most effective media used to
distribute stable frequency standards over long distances [6,8].
However, optical fiber is susceptible to thermal and mechani-
cal fluctuations that can significantly limit the performance of
the frequency transfer. As Earth undergoes diurnal heating and
cooling, an optical fiber link will expand and contract, which
yields time variation in the phase delay of a transmitted sig-
nal [9]. Further, most commercial telecom optical fibers are
placed near highways or railways [10], such that vibrations
from vehicular traffic lead to additional phase noise on a trans-
ferred signal. A number of techniques have been developed
over the past 25 years to compensate for these sources of noise
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(see Ref. [6] for a review), implementing both active and pas-
sive schemes at various levels of complexity and performance
[11-28].

To stabilize a fiber link between a local site (with a stable
reference) and a remote site, the general procedure is to form a
closed optical loop, such that the outgoing and returning phase
at the local site can be compared to generate an error signal
for a phase-locked loop. In order for the phase-locked loop to
ensure the signal at the remote site is exactly equal to the sig-
nal at the local site, the system must be symmetric: the phase
accumulated on the forward path must be equal to the phase
accumulated on the return path [6,16,23]. Unfortunately, this
condition is only approximately met for any transfer scheme,
as the propagation time of the light enforces an upper limit
on the feedback bandwidth. Polarization mode dispersion also
imposes feedback limits as light traveling in the forward and
reverse directions may not have the same polarization and there-
fore propagate at different speeds [11]. However, to operate as
closely as possible to the symmetry condition, the majority of
previously demonstrated fiber links have been implemented on
a single optical fiber [1-3,8,11,14,15,18-22,24-26,28,29]. On
one fiber, separating the incident and returning light poses com-
plications as backreflections (including Rayleigh, Raman, and
stimulated Brillouin scattering) are introduced that can degrade
performance [30]. Some schemes avoid this issue by using a
slightly different wavelength of light for the return trip and
separating the forward and reverse signals with sharp optical
bandpass filters (BPFs) [8,14,15,19,20,25,28,29]. However, this
technique is still inherently asymmetric, as group velocity dis-
persion (GVD) causes light at the two wavelengths to travel at
different speeds [9]. The forward and backward paths therefore
still depend differently on temperature fluctuations, and the frac-
tional frequency instability is largest at an averaging interval of
approximately 40,000 s (about half of a day). It has been shown
that the fractional frequency instability caused by GVD for a
40 km link with wavelengths separated by 4 nm is on the order
of 1077 at an averaging interval of 40,000 s [29]. While this
can be an issue for the transfer of optical frequency standards,
it is significantly lower than the instability of any microwave
frequency standard that has been demonstrated to date and thus
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is not a limiting factor in the microwave dissemination schemes
considered here.

A simpler scheme, which avoids backreflections altogether,
is to use two separate fibers. There is often more than one fiber
available in a single bundle, so if we assume that the phase fluc-
tuations are highly correlated in the fibers, then a phase-locked
loop will still be sufficient to transfer a frequency reference with-
out significant degradation of stability. In general, this is a good
assumption because the two fibers are placed next to each other,
so they will experience very similar acoustic noise and tempera-
ture fluctuations. In effect, rf transfer over two fibers may not be
as stable as a one-fiber technique, but it avoids some complexi-
ties in implementation, such as eliminating backreflections and
the requirement of an additional laser. Furthermore, the tech-
nique is stable enough to transfer signals at the 1 x 107'2/+/7
level, including a secondary UTC(NIST) time scale.

The National Institute of Standards and Technology (NIST)
radio station WWYV is located in Fort Collins, CO, and contains
an ensemble of four cesium beam atomic clocks [31-33]. The
output of this ensemble is steered to the primary timescale at
NIST and constitutes a secondary representation of UTC(NIST)
[34]. In this Letter, we report on the establishment of a dark opti-
cal fiber link between NIST radio station WWYV and Colorado
State University (CSU), with a one-way path of approximately
20 km. We have transferred a radio frequency signal generated
by the WWYV time scale to CSU by carrier amplitude mod-
ulation over this optical fiber link, effectively disseminating
the secondary UTC(NIST) representation to CSU. To stabi-
lize this frequency transfer, we use an all-electronic analog
feedback technique that consists of readily available and rel-
atively inexpensive components. The technique is tested over
the dark optical fiber link, using out-of-loop measurements
to characterize the instability of the link itself. We imple-
ment both dual-fiber and single-fiber transfer schemes for these
out-of-loop measurements and demonstrate that the simpler
dual-fiber technique has sufficient stability to transfer the WWV
cesium clock signal over all measured time scales (ranging from
1to 10° s).

To compensate for thermal and acoustic noise along the
optical fiber path, we implement an all-electronic scheme
that utilizes a phase-locked voltage-controlled crystal oscilla-
tor (VCXO). One particular benefit of this scheme is that it does
not require any physical stretching of the fiber to compensate for
changes in the optical path length. The feedback setup is shown
in Fig. 1.
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Fig. 1. Electronic scheme implemented for phase-locking a
voltage-controlled crystal oscillator (VCXO) to a frequency refer-
ence with active compensation of fiber path length fluctuations.
The scheme shown here uses two separate fibers and has also
been applied to a single-fiber scheme. DL (diode laser), EOM
(electro-optic modulator), FS (frequency synthesizer).
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At the local site, a diode laser is amplitude-modulated with an
electro-optic modulator driven by a 100 MHz VCXO, which has
atunable phase ¢,(¢). This light is sent over the dark telecom opti-
cal fiber to the remote site. The fiber is primarily underground,
with approximately 18 km buried and 2 km aerial. Along this
fiber, a phase ¢, () is accumulated, which is a function of time
due to temperature fluctuations and vibrational noise on the fiber.
Some of this modulated light is sampled to generate the trans-
ferred reference, and the rest is sent back to the local site. The
signal accumulates an additional phase ¢,,(¢) on the trip back,
which we assume to be approximately equal to ¢, () because
the fibers are contained within the same bundle. We then mix the
returning signal with the modulation signal (from the VCXO,
with phase ¢,(#)) and apply a bandpass filter to isolate a signal at
200 MHz with phase 2¢,(f) + 2¢,,(f). A frequency synthesizer
referenced to a frequency standard at the local site is used to
generate a 200 MHz signal with phase ¢,, which has the same
fractional frequency instability as the frequency standard. This
signal is used for homodyne phase detection of the 200 MHz
bandpassed signal (i.e., a double-balanced mixer and low-pass
filter (LPF)). The error signal is further conditioned with a pro-
portional—integral (PI) servo and sent to the VCXO to form a
phase-locked loop. In the locking condition, time dependence
of the error signal is driven to zero, such that

¢, —2¢,(t) - 2¢,,(t) = 0. (1)
When locked, the remote site has a signal with constant phase,
¢v([) + ¢pl(t) = ¢r/2 (2)

Hence, we effectively transfer the reference signal with phase
compensation. We use this technique to disseminate the sec-
ondary UTC(NIST) time scale from radio station WWV (local
site) to CSU (remote site). We refer to this UTC(NIST) time scale
at WWYV as CRFS (cesium-referenced frequency standard). We
characterized the performance of the fiber transfer with a het-
erodyne measurement against a commercial rubidium frequency
standard. This frequency standard consists of a 10 MHz crystal
oscillator locked to the 6.8 GHz hyperfine transition in rubid-
ium and is additionally steered by a 1 pulse-per-second (1 PPS)
Global Positioning System (GPS) signal. We will refer to this
standard as RRFS (rubidium-referenced frequency standard).
The schematic for the CRFS—RRFS comparison is shown in
Fig. 2. The transferred CRFS signal at 100 MHz is bandpass
filtered and divided down to 10 MHz. This signal is used as the
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Fig. 2. Electronic scheme at the remote site (CSU) for measure-
ments comparing a GPS-disciplined rubidium clock to the trans-
ferred cesium frequency standard. A frequency synthesizer (FS)
and frequency counter are both referenced to the cesium standard.
BPF (bandpass filter), RF amp (radio frequency amplifier), dist.
amp (distribution amplifier), LPF (low-pass filter).
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Fig. 3. (a) Allan deviations of our commercial rubidium clock
vs. the NIST WWYV cesium time scale. (b) Long-term CRFS-
RRFS comparison data taken for a RRFS steering time constant
of 8000 s. Deviations are relative to the 10 kHz sampled beat note.
The link remains locked over the entire measurement period of
approximately two weeks.

input to a distribution amplifier and sent as a reference to both a
frequency synthesizer and a frequency counter. The frequency
synthesizer generates a signal at 10.01 MHz, which is down-
converted to 10 kHz upon mixing with the 10 MHz output of
the RRFS. We then input this 10 kHz signal to the frequency
counter for data logging at a 1 s gate time.

Allan deviations of these measurements are shown in Fig. 3(a),
along with specifications of the RRFS and 1 PPS GPS instabil-
ities. Figure 3(b) shows a long-term measurement of the 10
kHz beat note for a period over 10° s (about 2 weeks). This
demonstrates the robustness of the technique: in fact, the link
has remained locked for over 6 months to continuously transfer
the CRFS signal from WWYV to CSU. To characterize the extent
of additional phase noise incurred on the dual-fiber scheme
relative to the single-fiber scheme, we performed out-of-loop
measurements of both techniques. These measurements were
configured in a loop-back arrangement, such that both the local
and remote measurement sites are at the same physical location.
The total optical path from the local to the remote site is one
round trip from CSU-WWV-CSU, which is approximately 40
km, effectively doubling the length of each fiber that was used
in the transfer of the CRFS signal. This configuration allows us
to directly compare the phase at the remote site with the phase at
the local site to measure the instability of the (actively stabilized)
link itself. Schematics for these two schemes are shown in Fig. 4.
In the dual-fiber scheme, we sample 10% of the light received at
the remote site (after traveling from CSU-WWV-CSU), amplify
it through an erbium-doped fiber amplifier, and send the light
back to the local site through separate fibers in the same bundle
(again traveling from CSU-WWV-CSU) [33]. In the single-
fiber scheme, we detect all of the modulated light received at
the remote site and use this signal to modulate a second laser at
a different optical frequency, which is sent back to the local site
on the same fiber using optical circulators.

A dual-output phase-locked frequency synthesizer referenced
to our RRFS generates the 200 MHz reference signal. The sec-
ond output of this frequency synthesizer is set to 100.01 MHz
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Fig. 4. (a) Dual-fiber scheme and (b) single-fiber scheme for
out-of-loop measurements of the link performance. In these
measurements, the local and remote sites are at the same phys-
ical location and set up in a loop-back arrangement where each
length of fiber has been effectively doubled. The locking elec-
tronics consist of components detailed in Fig. 1. The FS and
frequency counter are both referenced to the RRFS. DL (diode
laser), EOM (electro-optic modulator), OFS (optical fiber splitter),
PD (photodiode), BPF (bandpass filter), RF amp (radio frequency
amplifier), LPF (low-pass filter), DBM (doubly balanced mixer),
VCXO (voltage-controlled oven-controlled crystal oscillator), OC
(optical circulator), WDM (wavelength division multiplexer), FS
(frequency synthesizer).

out-ofioop
Measurement

and mixed with the locked 100 MHz signal to generate a 10 kHz
signal for high-resolution heterodyne counting on a frequency
counter (also referenced to the RRFS). The input power to the
telecom optical fibers is kept to approximately 5 mW, below the
threshold for Brillouin scattering [30]. For the dual-fiber scheme,
we use a 1554.13 nm fiber-coupled diode laser, along with a bire-
fringent fiber loop for polarization control. For the single-fiber
scheme, we additionally use a 1550.12 nm single frequency fiber
laser at the remote site and employ wavelength division multi-
plexers before the local and remote photodiodes to filter out back
reflections [33]. Allan deviations of these schemes are shown in
Fig. 5, along with the noise floor of the technique, measured by
using a short 5 m optical fiber in place of the fiber link. Also
plotted is the instability of a free-running link over 40 km of the
optical fiber and the cesium beam clock instability specification.
We observe a fractional frequency instability of 1.1 x 1072 /4/7
and 1.5 X 10712/+/7 for the single-fiber and dual-fiber schemes,
respectively, compared to 6.0 X 107'2/4/7 for the unstabilized
link. The instability of the single-fiber scheme is likely limited
by the 2 km portion of aerial fiber in the link. Performing the
transfer at a higher modulation frequency would help suppress
the noise floor. The dual-fiber scheme performs worse than the
single-fiber scheme for averaging intervals larger than approxi-
mately 10 s, before converging again near an averaging interval
of 1 day (84,000 s). Thermal effects are most pronounced in the
dual-fiber scheme on time scales on the order of 1 h. Even with
additional thermal noise, the instability introduced by the dual-
fiber scheme remains significantly lower than the instability of
the cesium beam clock ensemble and is sufficient to transfer the
CRFS. We note that since these out-of-loop measurements use
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Fig. 5. Allan deviations for out-of-loop measurements. Fre-
quency data centered at 10 kHz is used for all of these plots. Each
set of data was measured over approximately 200,000 s at the same
time of the week (Friday—-Monday) to ensure similar vehicular traf-
fic conditions. One set of data was taken at a time, such that the
measurement campaign lasted a total of 4 weeks. Also shown is the
specification for the cesium beam clock with a high-performance
beam tube.

a fiber link which is effectively twice as long as the link used
for transfer of the CRFS signal from radio station WWYV, the
fractional frequency instabilities for the shorter link are a factor
of 2 lower in our actual transfer. However, WWYV has an aver-
aged ensemble of four cesium beam clocks, so the instability of
these clocks is likely a factor of V4 = 2 lower than shown on the
specification in Fig. 5. Thus, even with these considerations, a
dual-fiber scheme has the ability to transfer frequency references
at the 1 x 107'2/4/7 level.

In conclusion, we have demonstrated the distribution of a
secondary UTC(NIST) time scale over commercial telecom
optical fiber, utilizing a simple all-electronic active stabilization
scheme. Out-of-loop measurements indicate that a single-fiber
scheme is more effective at eliminating instability from slow
temperature fluctuations than a dual-fiber scheme, but either is
sufficient to transfer the radio station WWV time scale signals.
Further, the dual-fiber scheme is more robust against unlock-
ing, as very little equipment is required at the remote site.
This dual-fiber scheme also avoids complications and costs
involved in a single-fiber scheme, including a second laser,
a modulator, and the challenge of mitigating backreflections.
We note that a dual-fiber scheme may not always be possi-
ble since dark fibers tend to be a scarce resource, but often
fibers are laid in bundles, where more than one is available.
Out-of-loop measurements on a 40 km one-way link demon-
strate that radio frequency standards with frequency instabilities
on the order of 1x 107'2/4/7 can be transferred over similar
distances with a dual-fiber technique while maintaining phase
coherence, without appreciable degradation of stability. Future
work can investigate the effects of polarization mode disper-
sion on the fiber transfer, including the implementation of a
polarization scrambler to possibly improve the frequency insta-
bility. This work indicates the feasibility for the development of
a US-based optical fiber network for frequency metrology and
possible quantum networking applications using existing fiber
infrastructure.
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