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Attosecond science provides a window to the
fastest processes in chemistry, materials science,
and biology. Accessing this time scale requires
precisely synchronised oscillators. In free-electron
X-ray lasers, which also provide sub-atomic res-
olution, synchronisation must be achieved across
hundreds of meters. Current approaches to syn-
chronisation based on mode-locked lasers deliver
this level of performance but complexity, cost and
size hinder their deployment in facility-wide multi-
node networks. Here, we demonstrate attosecond-
level synchronisation of two chip-integrated pho-
tonic oscillators (microcombs) separated by 100 m
of fibre. A pair of continuous-wave lasers estab-
lishes a time reference that is delivered over fi-
bre, and on-chip Kerr-nonlinear synchronisation
results in an integrated relative timing jitter of
the microcombs below 400 as (1 kHz to 1 MHz),
without any active stabilisation. These results un-
lock precision timing at scale for large facilities and
next-generation technologies such as disaggregated
computing and quantum networks, and ultimately
may lead to chip-integrated attosecond photonics.

The fastest processes in chemistry, material science,
and biology are governed by dynamics of bound elec-
trons and occur on an attosecond time scale!™. Free-
electron X-ray lasers® ® (XFELs) and high-intensity laser
beam lines® promise access to this regime, combined with
sub-atomic spatial resolution. To reach this goal, facility-
wide synchronisation on femto- or even attosecond level
must be achieved!® 3. Currently, the most advanced syn-
chronisation techniques rely on optical methods, lever-
aging in particular the fact that synchronisation signals
can be distributed over long distances via low-loss opti-
cal fibre. Several methods exist: (i) Intensity modula-
tion of a continuous-wave laser'4'> permits synchronisa-
tion with ~10 fs relative timing jitter'®. (i) Using ul-
trashort pulse trains from a mode-locked laser as tim-
ing markers!”, attosecond-level (< 1 fs) relative timing
jitter over a multi-kilometre fibre link has been demon-
strated'®.  (iii) Synchronisation of mode-locked laser-
based frequency combs based on distributing one or two
continuous-wave (cw) optical carriers'?, locally generating
low-noise radio-/microwave signals via optical frequency

division (OFD)?°. With actively stabilised fibre links fre-
quency dissemination is possible!®?2!, reaching a relative
precision of 1079 over almost 1000 km?2. However, the
complexity of current systems, often requiring actively sta-
bilised table-top frequency combs, makes it challenging
to deploy current synchronisation techniques across large,
multi-node networks.

Microcombs provide a compact, low-cost, and scal-
able frequency comb platform, that can be integrated
on photonic chips and potentially deployed in large net-
works232%. They are generated via nonlinear optical fre-
quency conversion in a microresonator pumped by a cw
pump laser?®, enabling femtosecond pulses?” with repeti-
tion rate from 10 GHz to 1 THz, and low-noise signal syn-
thesis?® 31, When a second (usually weaker) cw laser is in-
jected into the microresonator, Kerr-nonlinear synchroni-
sation locks the repetition rate to an integer fraction of the
frequency difference between the cw lasers3?38. Recently
this enabled the generation of ultra-pure microwaves® and
also underpins synchronisation between microcombs or op-
tical parametric oscillators within a microresonator®? 42
and between microresonators?®*, including long-distance
coherence transfer®®.

Here, we demonstrate precision synchronisation of two
microcombs on separate photonic chips. We achieve this
via Kerr-nonlinear synchronisation based on two cw lasers
that are delivered to the microcombs via optical fibre
(in our case 2 x 50 m). The frequency difference be-
tween both lasers defines a frequency reference to which
the distributed microcombs synchronise without any ac-
tive feedback loops, enabling precision timing across a fi-
bre network (Fig. la). Using a frequency domain tech-
nique, we reveal a remarkably low relative timing jitter on
the attosecond-level between the microcombs, well-below
the microresonators’ fundamental thermorefractive noise
level, opening opportunities for precision synchronisation
in large networks and chip-integrated attosecond science.

Results

The approach for synchronising the microcombs over fibre
is as follows: A main pump laser of frequency v, generates
the microcomb, which in the spectral domain contains dis-
crete and equidistant frequencies v, = vp + pfrep (1t is line
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Figure 1 | Concept. a, Two laser frequencies (v, and v4y,;) define an optical timing reference that is distributed over fibre to different
nodes in a timing network, where synchronised microcombs provide local precision timing. b, Both laser frequencies v, and vin; are
part of the microcombs spectrum, whose discrete spectral components are spaced by frep = |1y — vinj|/N, where N is an integer.
b, The two lasers with frequencies v, and vin; are combined and can then be distributed to M different microcombs via a 2 x M
fibre coupler. Both microcombs will emit pulses with the repetition rate frep, however, uncorrelated noise in both systems will lead

to timing jitter.

index relative to the pump laser, fr.p is the pulse repetition
rate). A second injection laser of frequency vinj, formally
acting as a (weaker) second pump laser®”, enables Kerr-
nonlinear synchronisation so that v, and 14,,; are both part
of the microcomb spectra (see Fig. 1b). Effectively, this
implements OFD where the frequency difference between
the lasers is divided by an integer N into the microcomb
microwave repetition rate frop = |vp — vinj|/N (Fig. 1b).
Both, pump and injection lasers, are combined and deliv-
ered over fibre to separate microcombs, implying that all
comb frequencies and, in particular, the repetition rates
of both combs are synchronised. However, both micro-
combs are still subject to uncorrelated noise inducing rel-
ative timing jitter, notably fundamental thermorefractive
noise#6:47,

To investigate the synchronisation performance, we
utilise a frequency domain technique, similar to the one
developed for optical linewidth measurements in micro-
combs?®. It is based on the elastic tape model describing
the phase noise PSDs of the frequency comb lines*®4?

S,u(,f) = Sﬁx(f) + (/L*Nﬁx)zsrep(f)a (1)

where f is the noise frequency, Sgx represents the phase
noise power spectral density (PSD) at the fix point at pax
(not necessarily an integer), and Sip is the repetition rate
phase noise PSD. In our case, we assume both microcombs
have approximately the same pgy, which we will justify
later. This implies that Eq. 1 can also describe the rel-
ative phase noise PSDs between the microcombs. Thus,

considering all PSDs in Eq. 1 as relative noise quantities
between the microcombs, we can retrieve the relative rep-
etition rate phase noise Srrgll) (f) and relative timing jitter
between the microcombs, based on measuring S;!(f) in
dependence of p and f.

The experimental setup for Kerr-nonlinear synchroni-
sation and characterisation is shown in Fig. 2a. It con-
sists of three main blocks: the pump source, the micro-
combs, and the characterisation stage. We use two free-
running continuously-tunable cw lasers: The main pump
laser (~ 1560 nm) is amplified to ~ 630 mW of out-
put power using an EDFA. The amplified spontaneous
emission (ASE) is suppressed with a fibre Bragg grating
(FBG) of ~ 40 GHz bandwidth centred at the pump wave-
length. The pump is then combined with the injection
laser (~ 1618 nm), on a 50:50 fibre coupler. The two out-
puts of the coupler are used to drive two photonic crystal
ring microresonators (PhCRs) on two different silicon ni-
tride (SizNy) integrated photonic chips. Both PhCRs have
an intrinsic linewidth of ~ 50 MHz, a free-spectral range
(FSR) of ~ 300 GHz (ring radius ~ 75 ym), and are criti-
cally coupled; the waveguide cross-section is 1.6 x 0.8 um?.
Each PhCR features a periodic corrugation pattern along
the inner wall with a spatial period of ~ 422 nm creat-
ing a mode-frequency splitting of the 1 = 0 resonance
of ~ 250 MHz, enabling deterministic excitation of single
soliton microcombs®®®!.  Optical input-output coupling
to the photonic chips is implemented using ultra-high-
numerical-aperture fibres with index-matching gel to sup-
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Figure 2 | Experimental approach. a, Schematic of the experimental setup. Two cw lasers (pump and injection) are combined on
a 3 dB coupler and used to pump two identical photonic crystal resonators (PhCRs). An acousto-optic modulator (AOM) shifts the
output of one comb by 80 MHz, after which both combs are recombined at a fibre coupler and amplified using an erbium-doped fibre
amplifier (EDFA). A tunable bandpass filter (BPF) is used to select a single pair of comb lines (see inset). PD - photodiode, ESA -
electrical spectrum analyser, FBG - fiber Bragg grating. b, Optical spectrum of two independent microcombs in the free-running (top,
no injection) and synchronised (bottom, with injection) regimes. ¢, Single-sideband (SSB) phase-noise power spectral density (PSD)
of the beatnotes between pairs of comb lines with index w4, measured in the free-running and synchronised states. The measurement
is limited by the phase-noise of the AOM, which is retrieved from the beating between shifted and unshifted pump (black) and the
ESA noise floor (gray). d, Phase-noise (PN) PSD at 10 kHz analysis frequency, extracted from the data in ¢, in the free-running (left)
and synchronised (right) states. PN is shown using linear scaling (mrad?/Hz).

press parasitic back-reflections, resulting in approximately
100 mW of on-chip pump power per chip. The microcombs
with frep =~ 300 GHz are initiated by adjusting the detun-
ing of the p = 0 resonance with regard to the pump laser
frequency 14, via chip-integrated electric microheaters. To
investigate the relative timing jitter between the two mi-
crocombs, one of them is shifted in frequency by 80 MHz
via an acousto-optic modulator (AOM; see Fig. 2a), be-
fore they are recombined via a 50:50 fibre coupler. After
rejecting the pump line with an FBG, we obtain ~ 2 mW
of total optical power in each of the two output ports of
the coupler. One output is amplified with a second EDFA
to 200 mW and passed through a tunable fibre-coupled
bandpass filter (implemented using a commercial wave-
shaper), which can either transmit the entire spectrum or
select individual comb lines with ~ 25 GHz bandwidth.
The filtered signal is detected on a low-noise photodiode
and analysed using an electrical spectrum analyser (ESA).
The second output is reserved for auxiliary measurements
such as optical spectra or power detection.

First, we characterise the microcombs in the free-
running regime (injection laser off), where both micro-
combs operate with a repetition rate difference of A frep &
5 MHz. Their combined optical spectra are shown in
Fig. 2b (top panel). We sequentially center the bandpass
filter on each pair of microcomb lines with p € [—4,4] and
measure with the ESA the single-sideband (SSB) phase
noise Sﬁel( f) of the corresponding beatnote. The results,
shown in Fig. 2¢, indicate that the relative phase noise be-
tween comb lines increases with |p|, with the lowest noise
observed at the +1 sidebands (for better visibility we only
show the traces for p = 1..4). From these measurements,
we extract the phase noise at a fixed offset (10 kHz) and
plot it as a function of line number pu, revealing an almost
ideal parabolic dependence on the mode number pu (see
Fig. 2d). This is consistent with the elastic tape model,
where both combs are independently ‘breathing’ around
their common spectral fix point with Siep(f). The fix
point is here close to the pump laser at ¢ = 0 and addi-
tional relative fix point noise S(f) that would manifest
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Figure 3 | Phase noise and timing jitter of synchronised microcombs. a, Experimental setup with 50 m of spooled single-mode
fibre added in both arms before the chips. b, (top) Relative repetition rate single-sideband (SSB) phase-noise power spectral density
in the free-running (dark blue) and synchronised (red) states at 300 GHz carrier. The dashed line indicates an analytic estimate®® of
the fundamental thermorefractive noise (TRN) for the 300 GHz microresonator, and the gray trace shows the relative repetition rate
noise rescaled to 10 GHz carrier. (bottom) The corresponding integrated residual timing jitter in the synchronised state.

as a vertical offset of the parabola is negligible.

Next, we set A frep close to zero. This is readily possi-
ble as it can be continuously tuned via the microheaters
across multiple tens of megahertz, while maintaining mi-
crocomb operation. To trigger Kerr-nonlinear synchroni-
sation, we switch on the injection laser, and tune it toward
the p/ = 23 comb lines (= 1618 nm). When sufficiently
close to the comb lines, the injection laser enters the side-
band injection-locking range dioex o< p'%/Pini P, where
Pp; and P, are the injected power and the power of the
comb line p', respectively®”. In our case, the sideband
injection locking range d),cx exceeds 200 MHz, and the
achievable locking bandwidth can be estimated to be of
the same order3®. Once locked, the y’' lines of both combs
latch onto the injection laser, forcing their frequencies to
coincide with the injection laser frequency, resulting in
A frep = 0. All beatnotes between comb line pairs are now
at the AOM frequency f,, = 80 MHz.

In this synchronised state, we again measure the RF
beatnote SSB phase noise (see Fig. 2c) for comb sidebands
i € [—6, 8], revealing a drastically reduced relative phase
noise, indicating tight synchronization. Here, the injection
laser plays two roles: (i) it provides a second frequency
pin-point for both microcombs, which, through OFD, de-
fines their repetition rates according to frep = |vp—vin;|/ 1/
and forces A fiep = 0; (ii) it suppresses absolute repetition
rate phase noise via OFD39. As before, we use the mea-
sured data to compute the phase noise at a given offset
frequency for each measured pair of comb lines and plot
the results as a function of the line number (see Fig. 2d).
The results again reveal a parabolic dependence, consis-
tent with the elastic tape model, but this time with a
shifted fix point pgy, that we assume is the same for both
microcombs. This assumption is motivated by the fact
that the PhCRs are of identical design and driven with
nearly equal laser powers and justified by the fact that
the data is well described by a single parabola. These

observations confirm the validity of our approach.

Before proceeding with our analysis, we introduce 50 m
of single-mode fibre (spooled) into both arms before the
chips (see Fig. 3a) to emulate a realistic timing distribu-
tion scenario across 100 m distance. In this configuration,
we repeat the measurement of the phase noise to obtain
Sﬁel( /) in the free-running and synchronised regimes. To
Srel(f) (and the timing jitter), we fit the
parabolic Sﬁel( f) at 60 points on the logarithmic [ axis.
Based on Eq. 1, we determine the phase noise PSD Srel (f)
of the 300 GHz repetition rate signal, as shown in Fig. 3b
(top): Kerr-nonlinear synchronisation results in a striking
reduction of the phase noise compared to the free-running
case by more than eight orders of magnitude (80 dB) to
well below the thermorefractive noise level. Notably, this
performance is achieved without any active feedback loops,
only relying on the Kerr-nonlinear synchronisation by the
two free-running cw lasers. For comparison with other os-
cillators, Fig. 3b also shows the corresponding spectrum
rescaled to a 10 GHz carrier frequency. In Fig. 3b (bot-
tom) we plot the integrated relative timing jitter between
both combs, which is below 380 attoseconds when inte-
grated from 1 kHz to 1 MHz. This signifies attosecond-
level synchronization of two chip-integrated photonic os-
cillators separated by 100 meters of optical fibre, opening
a pathway to scalable precision synchronization in multi-
node optical networks.

explicitly derive

Conclusion

In conclusion, we demonstrate the first attosecond-level
synchronisation of microcomb oscillators. The synchroni-
sation is achieved by transmitting a main pump laser and
a second injection laser over fibre to the two microcombs.
Kerr-nonlinear synchronisation reduces the relative phase
noise and timing jitter between both oscillators by more
than 80 dB resulting in a remarkably low integrated rel-



ative timing jitter of less than 400 as. While in our case
the lasers were free-running, they could be stabilized to
a low noise reference cavity, or derived from a low-noise
mode-locked laser, enabling precision synchronisation be-
tween complementary laser technologies. Moreover, while
we use sources with fiop, = 300 GHz, our results ap-
ply equally to systems with lower and directly detectable
repetition rate, as well as normal dispersion switching
wave combs®”°2. These results could enable precision
timing across large networks in attosecond experiments,
radio-telescopes, geodesy, or in increasingly demanding
and emerging technological applications such as data cen-
tres and large-scale computing facilities®®®®, quantum-
secure communication and quantum-information®6-6°, Ul-
timately, our results may lead to chip-integrated attosec-
ond photonics.
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