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Transfer of a high-stability and ultralow-jitter timing signal through a fiber network via a mode-locked fiber
laser is demonstrated. With active cancellation of the fiber-transmission noise, the fractional instability for
transfer of a radio-frequency signal through a 6.9- s4.5-d km round-trip installed (laboratory-based) fiber
network is below 9s7d310−15 t−1/2 for an averaging time tù1 s, limited by the noise floor of the frequency-
counting system. The noise cancellation reduces the rms timing jitter, integrated over a bandwidth from
1 Hz to 100 kHz, to 37 s20d fs for the installed (laboratory-based) fiber network, representing what is to our
knowledge the lowest reported jitter for transfer of a timing signal over kilometer-scale distances using an
installed (laboratory-based) optical-fiber network. © 2005 Optical Society of America

OCIS codes: 120.3930, 140.4050, 320.7090.

The development of optical atomic clocks with excel-
lent short-term stability1,2 has created a need for
high-fidelity remote frequency transfer that pre-
serves this stability. Such transfer would facilitate
the comparison of frequency standards developed in
different laboratories. These comparisons would pro-
vide a measure of the relative instability and system-
atic shifts between the systems as well as provide
tests of fundamental physics such as searching for
time variation of fundamental constants.3,4 There are
also a number of applications that would benefit from
the transfer of a timing signal that exhibits ultralow
jitter, including timing distribution throughout a lin-
ear accelerator facility for the generation of ul-
trashort x-ray pulses for pump–probe experiments.5

Long-baseline astronomical observations also require
the use of low-jitter timing distributions for coherent
data collection among remotely located telescopes.6

We report high-stability transfer of a radio-
frequency (rf) timing signal over an optical-fiber net-
work with active cancellation of the fiber-
transmission noise. The rf signal is transferred by
use of harmonics of the pulse repetition frequency of
a passively mode-locked fiber laser operating at
1.5 mm. Previously we demonstrated that the passive
transfer of a harmonic of the laser repetition fre-
quency has a fractional instability of ,3310−14 for a
1-s averaging time.7 The pulse train from the laser
was transmitted through two dark, standard telecom
fibers (SMF-28) installed in the Boulder Research
and Administration Network (BRAN),8 with a 6.9-
km round trip and nine breakout panels. We found
that we achieved the best performance by minimizing
the average optical power incident upon the photode-
tector used to recover the rf signal while we main-
tained a sufficient signal-to-noise ratio for this signal.
This procedure reduces instability introduced by the
photodetector, which arises from the conversion of
amplitude noise in the pulse train to phase noise in
the rf signal.9 Therefore it is critical to keep the

pulses received after transmission as short as pos-
sible, because shorter pulses provide greater rf signal
power after photodetection for a given average opti-
cal power. However, we found that the group-delay
dispersion of the BRAN fiber dramatically stretches
the pulses to ,1 ns.

In this Letter we demonstrate several important
advances in the transfer of pulsed signals over a fiber
link that enable this type of transfer to be used for
both precision frequency metrology and highly stable
timing synchronization. First, we implemented dis-
persion control of the fiber, resulting in transmitted
pulses near the detector resolution of 40 ps. We ac-
complished this by use of either dispersion-
compensation fiber (DCF) to prechirp the pulses be-
fore their transmission through the BRAN or
dispersion-shifted fiber [(DSF), which has negligible
dispersion] in place of the BRAN fiber. In both cases
the transmitted pulses are sufficiently short to elimi-
nate photodetector contributions to the instability.
Second, we performed fast, active noise cancellation
to remove group-delay variations caused by fluctua-
tions in the transmission path. This reduces the in-
stability of transfer to the measurement noise floor
for averaging times of ù1 s. Third, we completed
studies of noise occurring on faster time scales that
will be crucial for potential timing-synchronization
applications that are sensitive to this fast noise. The
residual timing jitter, integrated from 1 Hz to
100 kHz, is of the order of 10 fs for kilometer-scale
transmission lines. Noise faster than 100 kHz is ir-
relevant, as the typical tracking bandwidth of a local
oscillator at the receiving end of the frequency-
distribution network is normally ,100 kHz. Though
active stabilization was implemented by others pre-
viously to reduce the frequency instability of transfer
over optical fibers for time scales of .100 s,10 to our
knowledge the only previously reported control of the
timing jitter was limited by a feedback-loop time con-
stant of ,10 s and a measurement resolution of
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400 fs, integrated over a bandwidth of only 100 Hz.11

Figure 1 shows the experimental setup used to
measure the fiber-transmission noise and actively
cancel it. The output of the free-running fiber laser is
split into two portions. One portion is transmitted
through an adjustable delay line and then through
the fiber-transmission link. The adjustable delay
line, the details of which are discussed below, is used
to cancel the fiber noise. The fiber link is either the
6.9-km round trip of the BRAN fiber preceded by
1.2 km of DCF, the combination of which has a net
dispersion of ,3 ps/nm, or a 4.5-km length of DSF
with a net group-delay dispersion of ,18 ps/nm. The
BRAN round trip is implemented with two fibers in-
stead of a retroreflector and an optical circulator be-
cause the optical circulator increases the transfer in-
stability by a factor of 2, both with and without active
noise cancellation, possibly as a result of polarization
mode dispersion. An erbium-doped fiber amplifier is
used to compensate for losses in the fiber link. The
second portion of the fiber-laser output provides a
reference against which to measure noise introduced
by the transmission link.

The reference and transmitted pulse trains are
each detected on two photodetectors. We then filter
the resultant rf signals to select the desired harmonic
of the laser repetition frequency. We measure the jit-
ter (or phase noise) introduced during transmission
by mixing the 81st harmonic s7.84 GHzd of the trans-
mitted and reference signals in quadrature. The mea-
sured phase noise is fed to the adjustable delay line,
with appropriate gain and filtering, to apply correc-
tions that cancel the fiber noise. Spectral analysis of
the jitter is accomplished with a fast-Fourier-
transform spectrum analyzer. The other two signals
are compared outside the stabilization loop at the 8th
harmonic s774 MHzd of the laser repetition fre-
quency. A frequency-counting technique is used that
provides a measure of the frequency instability intro-
duced by the transmission.7

The BRAN fiber preceded by the DCF yields trans-
mitted pulses that are ,60 ps, most likely limited by
higher-order dispersion. The short pulses provide a
high signal-to-noise ratio for the recovered rf signal

with an average optical power sufficiently low
s,30 mWd to eliminate noise caused by the photode-
tection. The remaining transmission noise is can-
celed by the adjustable delay line, which consists of
two elements in series. A free-space path length ter-
minated with a retroreflector actuated by an electro-
dynamic shaker is followed by a piezoactuated fiber
stretcher. The shaker provides a large range of mo-
tion (a few millimeters), and the piezoactuated fiber
stretcher extends the servo bandwidth to ,100 Hz.
The bandwidth is limited by a resonance in the fiber
stretcher at ,5 kHz. We are not yet affected by the
fundamental limitation imposed by the transit time
through the fiber path.

The frequency-counting technique in Fig. 1 is used
to measure the fractional-frequency instability intro-
duced by the BRAN as a function of averaging time,
represented by the Allan deviation in Fig. 2. The in-
stability in the absence of active noise cancellation is
,3310−14 for a 1-s averaging time (filled circles in
Fig. 2). With the noise cancellation activated, the
measured instability (filled triangles in Fig. 2) is re-
duced to ,9310−15 for a 1-s averaging time and
reaches 1 part in 1015 at 100 s, just slightly above the
noise floor of the measurement system (open
squares). The stability of transfer with noise cancel-
lation, which is measured with independent detectors
outside the stabilization loop, confirms that the pho-
todetectors do not contribute any significant instabil-
ity above the level of the noise floor.

Figure 2 also shows the stability for transmission
through a 4.5-km laboratory-based network that
comprises DSF, which yields pulses shorter than
40 ps. The instability without active noise cancella-
tion is .6310−14 for a 1-s averaging time (bow ties in
Fig. 2). Noise cancellation reduces it by an order of
magnitude to ,7310−15 for a 1-s averaging time,
reaching a few parts in 1016 at 100 s (filled diamonds
in Fig. 2).

For frequency-domain applications, such as remote
comparisons of frequency standards, it is sufficient to
reduce the long-term sù1-sd transfer instability as
described above. However, for time-domain experi-
ments that are sensitive to noise that occurs on faster
time scales, it is necessary to consider the timing jit-

Fig. 1. Schematic of the setup for detecting and stabilizing
jitter introduced during the transfer of fiber-laser pulses.
The fiber-transmission link is either the BRAN preceded by
the DCF or the DSF. The signals from the upper pair of de-
tectors are set in quadrature with the phase shifter and
mixed to determine the phase noise of the transfer. The
phase error is fed to the adjustable delay line for noise can-
cellation. The lower set of detectors is used for out-of-loop
determination of the frequency instability of the transfer.

Fig. 2. Allan deviation for transfer of the 8th harmonic
s774 MHzd of the laser repetition frequency over the BRAN
and the DSF with and without stabilization. The measure-
ment noise floor is determined by replacing the fiber link
with ,1 m of fiber.
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ter introduced over a broad bandwidth. Figure 3(a)
shows the jitter spectral density (left axis) and the
corresponding single-sideband phase noise (right
axis) for transfer of the 81st harmonic s7.84 GHzd of
the laser repetition frequency through the BRAN fi-
ber, preceded by the DCF. Without stabilization,
the jitter rolls off at ,8 kHz with a slope of
,−10 dB/decade, until it hits the measurement noise
floor near 20 kHz. Figure 3(b) shows that the inte-
grated rms jitter over a bandwidth from 1 Hz to
100 kHz is reduced from ,49 to ,37 fs with the ac-
tivation of the fiber-noise cancellation.

Figure 3(a) also shows the jitter spectrum for just
the rf amplifiers and mixer used in the measurement
system as well as for the jitter of the photodetectors
in combination with the rf amplifiers and mixer us-
ing 25 dB less amplification. The noise floor of the
measurement system is dominated by rf amplifier
noise. The reduction of the gain reduces the inte-
grated jitter [Fig. 3(b)] from ,20 to ,3 fs (over the
full measurement bandwidth from 1 Hz to 100 kHz).
As the jitter over the BRAN is not suppressed below
the measurement noise floor with the active noise
cancellation, the residual jitter measured in-loop is
identical to what would be measured with a pair of
out-of-loop detectors.

The noise cancellation is also used to reduce the jit-
ter from transmission through the 4.5-km DSF. Be-
cause of the lower optical loss of the DSF and the ac-
companying enhanced rf signal strength, the lower
noise-floor measurement setup involving 25 dB less

amplification is used. With the noise cancellation, the
rms jitter [Fig. 3(b)], integrated from 1 Hz to
100 kHz, is reduced to ,20 fs. For timing distribu-
tion throughout a linear accelerator facility, only ap-
proximately a tenth of the length of the DSF used in
our measurements would be needed. Therefore we
expect that timing transfer exhibiting a jitter of only
a few femtoseconds could be achieved with the appli-
cation of this stabilization technique.

Active noise cancellation for the transfer of a rf sig-
nal over a fiber network has reduced the timing-
transfer jitter, integrated over a bandwidth from
1 Hz to 100 kHz, to 37 fs for a 6.9-km round-trip in-
stalled fiber network and to 20 fs for a 4.5-km
laboratory-based network. To our knowledge, these
numbers represent the lowest reported amount of jit-
ter for transfer of a timing signal over kilometer-
scale distances by use of installed and laboratory-
based optical-fiber networks. For future
improvement, we plan to implement all-optical detec-
tion of the jitter to eliminate noise from rf amplifiers,
which currently limits the noise floor of the measure-
ment system.
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Fig. 3. (a) Jitter spectral density (left axis) and single-
sideband phase noise (right axis) for transfer of the 81st
harmonic s7.84 GHzd of a laser repetition frequency
through the BRAN. Also shown are jitter spectra for the
measurement system, revealing that the dominant phase-
noise contribution is from the rf amplifiers. (b) Integrated
rms jitter for transfer through the BRAN, transfer over the
DSF, and measurement noise floor with and without reduc-
tion of the amplification.
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