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Recent developments in stabilized lasers have resulted in
ultrastable optical oscillators with spectral purities below 1 Hz
refs 1-6. These oscillators are not transportable at present and
operate at a single frequency. To realize their full potential, a
highly coherent, frequency-diverse fibre-optic network is
needed to faithfully transfer the optical signals to remote sites
and to different optical frequencies. Here we demonstrate such
a coherent network composed of erbium fibre and Ti:sapphire
laser-based, optical-frequency combs’, stabilized optical-fibre
links*!® and cavity-stabilized lasers*®. We coherently transmit
an optical carrier over 750 m of optical fibre with conversions
to wavelengths of 657, 767, 1,126 and 1,535 nm, an overall
timing jitter of 590 attoseconds, and a frequency instability of
12 mHz for the 195 THz carrier in 1 s and 250 pHz in 1,000 s.
This first remote synchronization of two frequency combs also
demonstrates a factor of 30 improvement in the relative
stability of fibre frequency combs!>'2.

In recent years, several groups have used fibre-optic networks
for the transfer of stable microwave frequencies over a modulated
optical wave'> 8. Signals have been faithfully transmitted with
fractional frequency instabilities of 5 x 107! at 1s over fibre
lengths of 86 km and with residual timing jitters of tens of
femtoseconds'>!*. The higher frequencies available with an optical
carrier can potentially provide improved resolution, leading to
even lower instability and smaller timing jitter by several orders of
magnitude!®. Indeed, this basic fact has driven the strong
development of optical clocks, where a laser source is first phase-
stabilized to an optical cavity and then ultimately frequency-
steered to an atomic transition to provide a phase-coherent,
frequency-stable source'®2!. Using the now ubiquitous fibre-optic
network, one can consider transferring the highly coherent optical
signal generated by dedicated laboratory systems to remote
locations for a variety of applications, including the comparison
of different optical clocks to verify their performance and even
to search for variations of the fundamental constants?>=2.
Other applications, such as precision spectroscopy, navigation and
remote sensing also stand to benefit from the distribution of
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highly coherent, stable, low-jitter optical sources. Finally, a highly
stable low-phase-noise microwave signal can be generated at the
remote end either through the use of a frequency comb® or by
transmission of dual optical frequencies'’, albeit with some
additional excess jitter.

It is interesting to compare the basic requirements of such a
coherent fibre network with those of current telecommunications
systems using differential phase-shift keying (DPSK)?%, which is
essentially a coherent network with the different goal of
providing high-bandwidth communication. Both networks
benefit from the high carrier frequency of the optical wave, an
all-optical network, frequency agility to cover the C band and
low phase noise. However, for DPSK systems, the required
optical-carrier-frequency instability is hundreds of megahertz
over approximately millisecond timescales”, the required pulse
timing jitter is ~0.5 ps and a low optical phase noise is needed
only on the 100 ps timescales over which the information is
transferred. In contrast, for our coherent network to support the
high coherence of state-of-the-art optical sources, the required
frequency instability is <100 mHz over approximately second
timescales, the required timing jitter is below a femtosecond, and
the low optical phase noise should be maintained over minutes
or longer. In other words, we wish to preserve the signal
character at low Fourier frequencies. This performance should be
maintained after transmission down the optical fibre and after
wavelength-conversion at network nodes, which can facilitate
passive optical wavelength routing as well as provide the desired
optical frequency to the user.

The basic components for addressing these challenges include
Doppler-cancelled transport over fibre-optic links*!%, high-
stability, low-phase-noise optical frequency combs’™ and well-
stabilized lasers'™. Here these components are used in a
prototype coherent ring network that can support coherent
transfer to any frequency over two octaves of bandwidth,
covering both the wavelengths of current optical clocks and the
transparent window of the optical fibre. The coherent network
has a timing jitter of 590 attoseconds in a bandwidth of 0.06 Hz
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Figure 1 Schematic of the coherent, frequency-diverse fibre network. Low-jitter optical signals are provided by cavity stabilized lasers at 1,126 nm and 657 nm
(left). Two remote frequency combs coherently translate the signals across the spectrum. The first comb (Er-fibre-based) translates the 1,126 nm signal directly to
1,535 nm. The second comb (Ti:sapphire-based) translates either the 1,126 nm or 657 nm signal to 1,535/2 nm. Completing the loop, a c.w. fibre laser at 1,535 nm
is doubled, phase-locked to the Ti:sapphire comb and then transmitted to the location of the fibre frequency comb, where its beat note with the 1,535 nm comb
tooth is recorded. The inset shows the measured open-loop heterodyne beat note of the two 1,535 nm (195 THz) signals, mixed down to 0.23 Hz (500 samples per
second and a 2 MHz input bandwidth). The coherent sine wave so generated is evidence that the transmission and frequency translation around the coherent loop
introduced negligible timing jitter or frequency instabilities. The noise on the sine wave is consistent with phase noise of ~0.6 rad r.m.s. (see Fig. 2c).

to 25 MHz, and a fractional frequency instability of (6v/v)_ =~
6.2 x 1077771/2, where 7 is the averaging time in seconds,
which corresponds to év =12 mHz in 1s for a 195 THz carrier
(1,550 nm). The weighted average of different runs totalling five
hours gives a frequency fidelity around the network of
56 4103 wHz, or (2.9 +5.3) x 10~ 1? of the 195 THz carrier.
Figure 1 depicts our prototype coherent network. A highly
coherent signal at 1,126 nm is sent through a Doppler-cancelled
fibre-optic link*!° to a fibre frequency comb with a 50-MHz comb
spacing®?® (clockwise in Fig. 1). The comb tooth near 1,126 nm is
enhanced by ~5 dB by a Bragg grating in the nonlinear fibre** that
spectrally broadens the comb output and phase-locked to the
incoming 1,126 nm signal. This phase lock, in conjunction with
the self-referenced phase lock of the comb offset frequency,
effectively transfers the coherence of the incoming 1,126 nm light
to each comb tooth from 1 to 2 pm®**. Simultaneously, either
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that same 1,126 nm source, or an independent 657 nm source,
is transmitted through a Doppler-cancelled link to a Ti:sapphire
frequency comb®, which spans from 550nm to 1.2 pum
(counterclockwise in Fig. 1) with a 1-GHz comb spacing. By
again locking one tooth of this comb to one or the other source,
the source coherence is transferred to each comb tooth. A
1,535 nm continuous-wave (c.w.) fibre laser is co-located with
the Ti:sapphire frequency comb. The output of the c.w. fibre laser
is amplified to 500 mW, doubled in periodically poled lithium
niobate, and then phase-locked to the Ti:sapphire comb tooth at
~767.5 nm. About 1 mW of the fundamental c.w. 1,535 nm light
is then transmitted through a third Doppler-cancelled link to the
fibre frequency comb, where the open-loop beat signal at
1,535 nm provides a test of the stability, coherence and accuracy
preserved by the network through the multiple frequency
translations and fibre transmissions.
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Figure 2 The heterodyne signal between the two independently generated
1,535 nm signals around the network. a, Beat note for a common 1,126 nm
source (blue line) or for separate 1,126 nm and 657 nm sources (black line) for
a 0.3 Hz RBW. b, Expanded range at 3 kHz RBW. The phase-noise pedestal
contains ~25% of the total power. ¢, The timing-jitter spectral density for the
beat note with a single common 1,126 nm source (blue line) and separate
1,126 nm and 657 nm sources (black line), and the predicted timing jitter (green
line) from the measured in-loop noise on the various phase locks. The filled
arrows indicate the appropriate y axis for the indicated data. The servo bump at
100 kHz apparent in b and ¢ depends on the settings of the various phase
locks. The timing jitter (dashed lines, right-hand scale) reaches 490 attoseconds
integrated from 0.06 Hz to 1 MHz for a common 1,126 nm source (black dashed
line), corresponding to 0.6 rad phase jitter. Extrapolation of the measured white-
phase-noise floor to 25 MHz (the Nyquist frequency of the fibre frequency comb)
gives a projected timing jitter of 590 attoseconds.

As shown in Fig. 1, a coherent sine wave is generated from
the mixed-down heterodyne signal between the two 1,535 nm
(195 THz) optical signals. The corresponding radio-frequency
(RF) spectrum of the heterodyne beat is shown in Fig. 2a with a
resolution bandwidth (RBW) of 0.3 Hz and 3 kHz. The full-
width half-maximum linewidth is 3Hz over 2min if the
Tisapphire comb is phase-locked to the 657 nm source (after
removing relative linear cavity drift) and instrument-limited at
0.1 Hz if it is phase-locked to the common 1,126 nm source. The
‘fuzz’ on the sine wave (Fig. 1) or its Fourier transform, the
pedestal on the RF beat note (Fig. 2b), is a result of the timing
jitter incurred in the various frequency conversions and transport
around the ring. (Under ideal frequency conversion, the timing
jitter, At, is independent of the carrier frequency, v, unlike the
phase jitter, A¢ = 2mvAt.) The measured timing-jitter power
spectral density versus Fourier frequency is shown in Fig. 2c. The
measured jitter compares well with the predicted jitter calculated
from the sum of the contributing phase locks around
the network down to low Fourier frequencies (see Methods). The
dominant contribution to the in-loop jitter arises from the
optical phase-locks of the frequency combs, with a ~0.10-fs
contribution from phase-locks for Doppler cancellation of the
fibre noise. If a common 1,126 nm source is used, the measured
timing jitter diverges from the expected jitter below ~10 Hz,
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Figure 3 Fractional frequency uncertainty (total Allan deviation) of the
1,535 nm beat signal versus averaging time = for a common 1,126 nm
source. Also shown is a fit with a 7~ '/2 slope. Inset: Difference between the
expected and measured frequency versus run time. The average value (blue line)
is —56 4103 LHz, or only (2.9 +5.3) x 10~ from the expected value.

The last three runs (filled squares) provided the data for calculating the Allan
deviation seen in the main plot. The first four runs (open circles) exhibited a

~ x 2.5 higher Allan deviation (not shown) because of excess out-of-loop fibre in
the phase-lock of the doubled c.w. fibre laser to the Ti:sapphire comb.

Plotted error bars are simply the Allan deviation for that data set evaluated

at the run time.

presumably due to drifts in the cumulative few metres of fibre
and air paths around the network that are ‘out-of-loop’ (that is,
not encompassed within the phase locks associated with either
the frequency combs or the Doppler-cancelled fibre links).
Indeed ‘1/f temperature fluctuations of ~ 0.6 mK Hz /2 at
1 Hz over ~1 m of silica fibre would yield the observed low-
frequency timing jitter. If both the 657 nm and 1,126 nm sources
are used, the measured timing jitter diverges from the expected
jitter below ~50 Hz due to drifts between the two coherent sources.

The fractional frequency instability of the heterodyne beat
signal at 1,535 nm is expressed by the Allan deviation (év/v),
as a function of averaging time 7 in seconds and is shown
in Fig. 3. The measured value of (§v/v),,=6.2 x 1077 or
(6v/V); g00s = 1.3 x 107'® and is consistent with previous
measurements  of the Ti:sapphire frequency comb?®,
demonstrating that our fibre-laser frequency comb can provide
performance comparable to Ti:sapphire-based systems. It is also
consistent with the instability expected from the low-frequency
timing jitter, which is likewise attributed to environmentally
induced variations in the out-of-loop path lengths®. The slope of
the Allan deviation roughly agrees with that expected from white
frequency noise (that is, 77'/2). The inset of Fig. 3 plots the
difference between the measured value of the beat frequency and
the expected value, calculated from the frequency scalings and
shifts incurred around the loop (see Methods). The average offset
is 56 +103 wHz from the expected value, giving a fractional
offset of (2.9+5.3) x 10717,

The extension of the network to multiple transmitted
wavelengths and longer transmission distances will be required to
exploit fully the next generation of optical sources. For example,
multiple transmitters at different wavelengths in the C band
could be phase-locked to either comb and transmitted over
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Doppler-cancelled fibre links with signal routing provided by
passive optical components. Preliminary measurements indicate
links longer than 50 km are achievable before the timing jitter
from the fibre link becomes comparable to that of the frequency
combs (that is, the 1-fs level), at which point one could use
coherent repeaters'®. The overall performance demonstrated here
shows that the various technologies of phase-stabilized c.w. lasers,
frequency combs and fibre links can be successfully incorporated
into a fibre network capable of preserving the stability and phase
noise of current optical sources while bridging large distances
and traversing the optical spectrum.

METHODS

The performance of the network was evaluated through the heterodyne beat
signal at the location of the fibre frequency comb. This heterodyne signal arises
from mixing the coherent 1,535 nm signal delivered through one path of the
loop (clockwise in Fig. 1) with the signal that travelled along the second path of
the loop (counterclockwise in Fig. 1). As the coherent signal travels around the
ring, it is both scaled in frequency through the use of frequency combs and
shifted in frequency, for example, through the action of acousto—optic
modulators (AOMs). Each of these translations or scalings is connected with a
phase-locked loop that phase-locks the frequency of the heterodyne beat signal
to an RF oscillator. For example, cancellation of Doppler shifts due to fibre-
path-length fluctuations is accomplished by retro-reflecting a signal from the
fibre’s end, heterodyning this signal with the source light and phase-locking the
resulting beat signal to an RF oscillator by feeding back to an in-line AOM*°.
Similarly, the entire frequency comb is phase-locked by phase-locking both the
carrier-envelope offset (CEO) frequency and the frequency of the heterodyne
beat between a single comb tooth and a stabilized optical source at either
1,126 nm or 657 nm to an RF source®’. With proper book-keeping, we can
write expressions for the expected optical frequency generated in each direction
around the loop. These expressions are useful in determining the expected
value of the beat frequency, the overall instability and the overall timing jitter.

From the standard expressions for the frequency comb” %, and after
some algebra, the frequency of the comb tooth of the fibre-laser frequency comb
used to compare the two network arms at 1,535 nm after travelling clockwise
(clw) around the ring is

cdw clw
Vi5ss = TpeViioe + AVY 555 1)

The original 1,126 nm light (v, |, ) is scaled by the factor of r, =

1, (1,535) /ng,(1,126), where ng,(A) is the mode number of the comb tooth near
A, and then offset by an amount Av{%, = (1 — rp)vp.cpo — T (VEgopt = Veraom)
where Vg, g is the CEO frequency of the self-referenced erbium-doped
fibre-laser frequency comb, vy, is the offset frequency used in phase-locking
the fibre frequency comb to the 1,126 nm light, and v, ,o is the frequency
shift from the AOM used in the Doppler-stabilized fibre link transmitting the
1,126 nm light to the erbium-fibre frequency comb, all of which are constant
because they are phase-locked to an RF source. Similarly, travelling
counterclockwise (cclw) around the loop in Fig. 1, the frequency of the 1,535 nm
signal that arrives at the location of the fibre frequency comb from the

c.w. fibre laser is

cclw cclw
Vi35 = FrgVine T AVis3s (2)

The original 1,126 nm light is scaled by the factor of r, = 1. (767) /2n(1,126),
where np(A) is the mode number of the comb tooth near A and the factor of 2
arises from the second-harmonic generation used in phase-locking the doubled c.w.
fibre laser at 1,535 nm to the comb tooth at 767 nm. The frequency is offset by an
amount AviSys = (1/2 — rp)vy o — (Vi opt ~ Vroaom) T Vaaom + Var/2s
where the notation is analogous to that for the erbium-fibre frequency comb,
Vg1 is the frequency offset between the doubled light from the 1,535-nm c.w.
fibre laser and the Ti:sapphire comb tooth at 1;(767), and vy o, is the
frequency shift from the AOM used in the Doppler-stabilized fibre link
transmitting the 1,535 nm light of the c.w. fibre laser to the erbium-fibre comb.
The difference between equations (1) and (2) is the expected value of the
beat frequency v§l¥;s — 1§, If the repetition frequencies (that is, mode
spacing) of the two combs are commensurate and all the offset frequencies are
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carefully chosen, then it can be arranged so that r, = r, and Av§'y,; = Av§dy;

and therefore v§l¥,; = VS, for any ‘input’ frequency, v, ;5. However, the combs
will in general have very different repetition frequencies, as is the case here. For
our experiment, rp, = 390,180/531,776, i, = 3,894,992/5,308,470 ~ 1,
Av§y,. ~ 38.4 MHz and Av{®y, ~ 363.10 MHz. Drifts in the frequency of the
1,126 nm source are suppressed by a factor of (rp, — rg,). Using the exact
values for the frequency offsets and measured value of v, |,,, we find

v, = 195,304, 991,286, 408.817246 Hz and

vﬁf;‘g’s = 195,304,897,206,157.425436 Hz, relative to our H-maser timebase
reference, so that v§'¥s; — V%5 = 94,080,251.391810 Hz for the longest two-
hour run. This value differs from the measured value by 86 pHz, giving a
fractional frequency offset of 86 wHz/195 THz = 4.4 x 10~ '°, as shown as the
last point in the inset of Fig. 3 (the average offset over all runs is 56 wHz). Clearly,
this level of accuracy requires the various RF frequencies to be known to better
than ~100 wHz; in our case, this condition is assured, because all RF oscillators
were phase-locked to a single hydrogen maser. However, a compact GPS-steered
Rb oscillator can provide an uncertainty of 1 x 10~ '% assuming the RF
frequency offsets are chosen to be on the ~100 MHz level, the relative optical
frequency can be determined to 10! x 100 MHz/195 THz=5 x 10" . Ina
similar vein, instability of 6 x 1077 at a second for the optical signals requires
an instability of the local RF source of (195 THz/100 MHz) x (6 x 10~'7) =
107 1% at one second, easily met by a quartz oscillator. In summary, because any
instability of the RF source adds to that of the optical source, there is a factor of
~(100 MHz/195 THz) suppression in terms of its effect on the optical

signal instability.

Equations (1) and (2) are also useful in predicting the accumulated timing
jitter around the loop. Each of the RF frequencies that contributes to the shifts
Av§y,. and Av§Py; in equations (1) and (2) is associated with a phase-lock of the
frequency of the relevant heterodyne beat signal to an RF source. These phase-
locks will not be perfectly tight, and therefore phase jitter will accumulate as the
signal travels around the network, ultimately manifesting itself as phase noise or
timing noise on the beat signal v{"%,, — v$%., which is typically quantified in
terms of the power spectral density (PSD). (The intrinsic jitter of a laboratory RF
source is typically negligible in comparison to the jitter in the phase-lock.) The
book-keeping is considerably simplified if we consider the timing PSD rather
than phase PSD, related by S = (2mv,) 2 S where S is the timing PSD, S, is the
phase PSD and v, = ¢/A is the relevant optical carrier frequency. The predicted
overall timing jitter PSD on the optical beat signal at 1,535 nm (195 THz) from
equations (1) and (2) is

Sbeat = SEr‘opt + STs.npt + STs.AOM + SEr.AOM + Sﬂ.AOM

+ Sﬂ,Ts + aérSEr‘CEO + a"stSTS,CEO (3)

where the timing jitter of the fibre-link phase-lock Sg ,o is calculated using a
carrier frequency at 1,535 nm, the timing jitter of the c.w. fibre laser optical
lock Sq 1, is calculated using a carrier frequency at 767.5 nm, and the timing
jitter of the CEO phase lock Sg, 1y cpo» the optical phase-locks Sg, 1y o and the
fibre-link phase-locks Sg, (1) aom> are calculated using a carrier frequency at
1,126 nm. ap, = 1 — 1y, agy =1 — (2r) "' and we have dropped the
cross-correlation terms between Sg, (1) op and Sg, 1y cpo (ref. 28). All the
PSDs on the right-hand side are measured from the in-loop error signal.

The sum Sy, is plotted in Fig. 2c and is dominated by the first two terms.

As discussed in the text, at low Fourier frequencies, there is excess timing-
jitter noise not included in equation (3) that is presumed to arise from
out-of-loop fibre and air paths.

In addition to the noise, there will be occasional cycle slips where a phase-
lock temporarily loses lock, corresponding to an unknown jump in the timing of
one of the optical signals. If properly removed, the effect of these slips is only to
reduce the effective averaging time without biasing the measurement. To
monitor for cycle slips, the frequency of the RF signals for each phase-lock was
counted during the measurement. A cycle slip on any one of the phase locks was
readily seen as a change in the counted signal by 1/%,,,. from the phase-locked
value, where 1, is the counter gate time. The data contributing to the Allan
deviation in Fig. 3 includes only those times when no such cycle slips were
measured. As the phase-locks were improved, these cycle slips became much less
frequent; for the longest two-hour run there were no cycle slips on either the
offset frequency or optical frequency lock of the fibre frequency comb. If
undisturbed, both combs now operate for hours without cycle slips.
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