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We demonstrate the first compact photonic flywheel with sub-fs time jitter (averaging times up to 10 μs)
at the quantum-noise limit of a monolithic fiber resonator. Such quantum-limited performance is accessed
through novel two-step pumping scheme for dissipative Kerr soliton generation. Controllable interaction
between stimulated Brillouin lasing and Kerr nonlinearity enhances the DKS coherence and mitigates the
thermal instability challenge, achieving a remarkable 22-Hz intrinsic comb linewidth and an unprecedented
phase noise of−180 dBc=Hz at 945-MHz carrier at free running. The scheme can be generalized to various
device platforms for field-deployable precision metrology.
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Dissipative Kerr soliton (DKS) frequency comb [1,2],
generated by pumping a high-Q monolithic resonator with
a resonant continuous-wave (cw) single-mode laser, has
recently emerged as a promising complement to the tradi-
tional mode-locked laser frequency comb [3–6]. Access to
considerably larger comb spacings in nonconventional
spectral ranges has led to continued enthusiasm
since its advent. Demonstrations of photonic frequency
synthesizer [7,8], microphotonic astrocomb [9,10], dual-
comb spectroscopy [11,12], and coherent optical commu-
nication [13,14] revealed the unique performance of DKS
frequency comb, and reassured further expansion of
already remarkable applications. However, despite the
massive achievements in the spectral domain, noise
analysis of DKS in the time domain is still lacking and
thus it remains questionable whether DKS can also serve as
an optical flywheel [5], where the pristine temporal
periodicity with sub-optical-cycle timing jitters can be
utilized for intriguing applications at the intersection of
ultrafast optics and microwave electronics, including pho-
tonic analog-to-digital converters (ADCs) for next-gener-
ation radar and communication systems [15–17], coherent
waveform synthesizers for pushing the frontiers of femto-
second and attosecond science [18–20], ultralow-noise
microwave signals generation [21–25], and timing
distribution links for synchronizing large-scale scientific
facilities like x-ray free-electron lasers and the extreme
light infrastructure [26–32].
On-chip monolithic resonators feature strong mode

confinement and large Kerr nonlinearity that fundamentally
elevate the quantum-limited phase noise and prohibit

us from achieving timing jitter at the optical flywheel level
[2,33]. Moreover, sophisticated pump noise control and
thermal effect management are required to practically
achieve the quantum-limited phase noise. As pump is an
integral part of the DKS frequency comb [1], narrow-
linewidth pump is necessary for reducing the pump-to-
comb noise conversion to reach the quantum-limited
comb coherence [34]. Mitigation of the strong thermal
nonlinearity is also a fundamental challenge for stable DKS
generation. Traditionally, either active precision control of
pump and resonators is implemented to reduce the
thermal effect [35,36] or an auxiliary laser is included
to compensate for the pump induced thermal dynamics
[37,38]. Both mitigation schemes inevitably add system
complexity and compromise the advantages of the DKS
frequency comb as an integrated device.
In this work, we demonstrate for the first time a compact

photonic flywheel based on DKS generation in a relatively
unexplored platform of monolithic fiber Fabry-Perot (FFP)
resonator [39–41]. Our theoretical noise analysis suggests
that FFP resonator is a promising photonic flywheel platform
where subfemtosecond and even 100-attosecond timing
jitters can be achieved at gigahertz repetition rate. To
mitigate challenges in DKS generation and reach the
quantum-limited performance, we devise a novel two-step
pumping schemewhere the DKS is formed from a secondary
pump generated in the same FFP resonator through
the cross-polarized stimulated Brillouin lasing (SBL).
Advantages of such two-step pumping scheme are twofold.
First, resonator SBL exhibits an orders-of-magnitude line-
width reduction [42,43] and thus as the secondary pump, it
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has a much higher spectral purity in comparison to the
primary laser, reducing the pump-to-comb noise conversion
[34] and relaxing the laser linewidth requirement to achieve a
DKS with quantum-limited phase noise and timing jitter.
Second, the primary laser and the SBL work together to
compensate the detrimental cavity thermal nonlinearity that
limits the reliability and robustness of DKS generation [2].
Only one cw single-mode laser is required in our two
-step pumping scheme, where the primary laser evolves
to effectively become an auxiliary laser while the cross-
polarized SBL grows to generate DKS in the FFP resonator,
resulting in a novel self-stabilized strategy for thermal
management and robust DKS generation. All in all, our
free-running quantum-limited DKS frequency comb
achieves an unprecedented intrinsic linewidth of 22 Hz,
characterized by a short delay self-heterodyne interferometry
(SDSHI) [44], and breaks for the first time into the atto-
second integrated timing jitter realm of 995 attosecond for
averaging times up to 10 μs, measured with an all-fiber
reference-free Michelson interferometer (ARMI) timing
jitter measurement apparatus [45].
Our FFP resonator [inset of Fig. 1(a)] is fabricated

from a commercially available highly nonlinear fiber
(HNLF, NL-1550-POS, YOFC) with nonlinear coefficient
over 10 W−1 km−1 and attenuation below 1.5 dB=km. The
105-mm long cavity length results in a free spectral range
(FSR) of 945.4 MHz as shown in Fig. 1(b). Both fiber ends
are mounted in ceramic ferrules, finely polished, and then
coated with ten-layer pairs of Ta2O5 and SiO2 using the ion
assisted deposition method. Such a Bragg mirror achieves a
reflectivity of over 99.6% from 1530 to 1570 nm. Of
note, gigahertz comb spacing is especially suitable for
applications like dual-comb spectroscopy and photonic
ADCs [46,47]. With a negligible propagation loss of

HNLF, the quality factor (Q) of the FFP resonator is
mainly defined by the dielectric mirror coatings at the two
ends. Thus, its Q and the comb generating pump power
both scale favorably at lower comb spacings, which is
critically different from on-chip monolithic resonators with
propagation-limited Q. The FFP resonator resonance line-
width is measured and fitted to be 5.6 MHz, corresponding
to a Q of 3.4 × 107 [inset of Fig. 1(b)]. Group velocity
dispersion of −3 fs2=mm at 1557 nm is characterized with
the spectral interferometric method [48]. Similar mono-
lithic FFP resonators have been previously utilized for
Brillouin-enhanced hyperparametric frequency comb
generation [39] and synchronously pulse pumped DKS
generation [40]. However, our work presents the first
demonstration of cw pumped DKS generation in a mono-
lithic FFP resonator, which is the key to the photonic
flywheel demonstration.
In an FFP resonator, there are two families of cavity

modes with orthogonal polarizations (P1 and P2) due to the
stress-induced birefringence [Fig. 1(b)] [49]. The offset
frequency ΔfP1-P2 between these two sets of resonances
can be finely controlled by applying a different level of
stress on the FFP resonator [50]. For the DKS generation, a
tunable external cavity diode laser followed by an erbium-
doped fiber amplifier (EDFA) is coupled into the FFP
resonator as the primary laser [Fig. 1(a)]. When the primary
laser is polarized along P1 with over 0.19 W power,
SBL generation can be observed at the frequency dow-
nshifted from the primary laser by fSBL ¼ 9.242 GHz. As
we further increase the primary laser power to 4.3 W, the
SBL will be efficient enough that it eventually overtakes the
primary laser and becomes the dominant comb generating
secondary pump in the resonator [inset of Fig. 1(c)]. At this
time, the intracavity power of the SBL will be 3 dB higher
than that of the primary laser. Careful analysis of SBL and
cavity mode structure reveals that the first-order Stokes
Brillouin gain spectrum overlaps with the P2 resonance on
the red-detuned side when the offset frequency ΔfP1-P2
is set to be 224 MHz. Thus, we can locate the SBL at the
red-detuned side of the P2 resonance while the
primary laser is still at the blue-detuned side of the P1
resonance [50]. As elaborated later in Fig. 2, such novel
two-step pumping arrangement results in a self-stabilized
strategy for thermal management and robust DKS gener-
ation. Of note, the choice for pump mode of P1 and P2 is
arbitrary as long as the Brillouin shift frequency matches
with the offset frequency of the corresponding cross-
polarized cavity resonances by stress tuning. Importantly,
the cascaded SBL is strictly forbidden in this cross-
polarization arrangement as only the first-order Stokes
Brillouin gain spectrum can ever overlap with the cavity
resonance [50]. This is in stark contrast to the previous
literature [39] where the cascaded SBL interacts with the
cavity Kerr nonlinearity to enhance the hyperparametric
oscillation but interrupt the DKS generation [54,55].

(a)

(b) (c)

FIG. 1. (a) Experimental setup for self-stabilized DKS
generation. L1 and L2: aspheric lens. Inset: picture of the FFP
resonator. (b) Cold-cavity transmission spectrum around
1557 nm. Inset: Enlarged view of the transmission and reflection
signals across the P1 resonance. (c) When the primary laser is
polarized along P1, efficient SBL generation (inset) followed by
DKS frequency comb generation, both polarized along P2, is
observed and measured.
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Our configuration suppresses these unnecessary nonlinear
interactions and promotes the generation of low-
noise DKS.
When we further tune the P1-polarized primary laser

into the resonance from the blue-detuned side, a P2-
polarized DKS frequency comb centered around the
SBL is obtained [DKS comb in Fig. 1(c)]. Its 3-dB and
30-dB bandwidths are about 20 and 115 nm, respectively.
The power of generated DKS comb is about 98 μW
(corresponding to 0.1 pJ pulse energy) with conversion
efficiency of 2.3 × 10−5 from the primary laser. Following
the development of the DKS frequency comb, we also
observe a 10-dB weaker P1-polarized comb [pump comb
in Fig. 1(c)] that is generated through cross-phase modu-
lation (XPM) of the DKS [56]. The DKS is self-stabilized
and it stays over hours without any active control. The DKS
state is deterministic in that it can be repeatedly and reliably
generated following the same pump tuning protocol. To
elucidate the efficacy of the two-pumping scheme, we
record the cavity transmission at both polarizations simul-
taneously while the primary laser frequency is scanned at a
speed of 1.84 GHz=s across the P1 resonance from the
blue-detuned side [Fig. 2(b)]. The principle of the self-
stabilized strategy for thermal management and robust
DKS generation are illustrated in Fig. 2(c). When the
primary laser is first tuned closer to the P1 resonance, the
intracavity power gradually increases to above the cross-
polarized SBL threshold for the initial SBL growth around
the peak of the P2 resonance (stage I). When the primary
laser is further tuned into the P1 resonance, the SBL
secondary pump is pushed across the P2 resonance to the
red-detuned side following the shift of the Brillouin

gain peak (stage II). Of note, the SBL secondary pump
experiences a much slower detuning speed with a
slow-down factor of 15 compared to that of the primary
laser, considering 5.6-MHz cavity resonance linewidth and
79-MHz Brillouin gain bandwidth [39,57]. At the end of
stage II, discrete transmission steps characteristic of DKS
generation are observed. In general, such an intracavity
power drop leads to cavity cooling and consequently
resonance blueshift that induces thermal instability
[37,38,58]. In contrast, here the dynamics is very different
as the primary laser is still on the blue-detuned side of the
resonance. The resonance blueshift now leads to an
increased cavity loading from the primary laser and it
compensates for the intracavity power drop from the SBL
secondary pump alone. Thus, thermal equilibrium is still
maintained at the DKS state. Such self-stabilized strategy
mitigates the thermal instability and facilitates robust DKS
generation. At stage III, the primary laser continues to get
closer to the P1 cavity resonance while the SBL secondary
pump is pushed further away from the P2 cavity resonance,
resulting in the monotonic increase and decrease of the P1
and P2 transmission signals, respectively. Finally, the

FIG. 2. (a) Schematic of the self-stabilized DKS generation.
When the DKS is generated, the P1-polarized primary laser
remains on the blue-detuned side while the P2-polarized SBL
secondary pump is pushed to the red-detuned side of the cavity
resonances. Such arrangement mitigates the thermal instability
and facilitates robust DKS generation. (b) Cavity transmission at
both polarizations during the primary laser scan from higher to
lower frequencies over a resonance. (c) Principle of the self-
stabilized strategy for thermal management and robust DKS
generation. Stage I: SBL growth; stage II: DKS generation; stage
III: chaotic oscillation; and stage IV: trivial off-resonance state.

(a) (c)

(e)

(b)

(d)

FIG. 3. (a) rf beat notes of the mixed polarization output (top
panel) and the P2-polarized DKS frequency comb (bottom
panel). (b) Fundamental beat note of the DKS frequency comb
on logarithmic scale and linear scale (inset). (c) SDSHI results of
the primary laser and the DKS frequency comb, showing a
significant linewidth narrowing from 5 kHz to 22 Hz. (d) Top
panel: single sideband phase noise of DKS frequency comb
scaled at 1-FSR carrier (red solid curve), reaching the quantum-
noise limit (blue dashed curve) for offset frequencies above
10 kHz. Bottom panel: sub-optical-cycle integrated timing jitter.
(e) Enlarged view of the integrated timing jitter, showing a
subfemtosecond jitter for averaging times up to 10 μs.
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primary laser is also scanned to the red-detuned side of the
P1 resonance, resulting in a trivial thermal instability that
quickly pushes the system off the resonance (stage IV).
Figure 3(a) plots the radio frequency (rf) spectra of the

beat notes from the mixed polarization output (top panel)
and the P2-polarized DKS (bottom panel). Clean rf beat
notes with signal-to-noise ratio (SNR) greater than
45 dB at 1-MHz resolution bandwidth (RBW) are observed
at harmonic frequencies. The frequency separation Δf
between each harmonic beat note and its nearest side peaks
is measured to be 224 MHz, in a good agreement with the
offset frequency ΔfP1-P2 between orthogonal modes in the
FFP resonator. The rf measurement further shows that the
two orthogonally polarized combs are synchronized with
the same repetition frequency and the same narrow line-
width [50] within the instrument limit, which can be
explained by the XPM coupling in between. Importantly,
P2-polarized DKS frequency comb can bewell isolated and
selected by a combination of a half-wave plate (HWP)
and a polarizing beam splitter (PBS) cube at the output.
Figure 3(b) is the enlarged view of its fundamental beat
note, showing a resolution-limited linewidth of 10 Hz.
Our two-step pumping scheme not only mitigates the

thermal instability challenge, but also provides a passive
linewidth narrowing for the secondary pump through the
cavity-enhanced SBL process. It relaxes the laser linewidth
requirement for the DKS to reach the quantum-limited
phase noise and timing jitter. In this process, the SBL (or
the secondary pump) has a much higher spectral purity
than its pump (or the primary laser) with a linewidth
narrowing factor of ð1þ γS=ΓÞ2 where Γ and γS are the
cavity linewidth and the Brillouin gain bandwidth, res-
pectively [39]. In our FFP resonator where Γ ¼ 5.6 MHz
and γS ¼ 79 MHz, a narrowing factor of 228 is expected
such that the secondary pump linewidth can be reduced to
22 Hz from the 5-kHz primary laser. Experimentally, we
build an SDSHI to characterize such significant linewidth
narrowing. SDSHI uses short delay fibers and curve fitting
of the measured coherent envelope to suppress the 1=f
Gaussian noise and obtain a more accurate estimate of the
intrinsic laser Lorentzian linewidth [44,50]. Figure 3(c)
plots the SDSHI experimentally measured results overlaid
with theoretically calculated results of the primary laser
(top panel) and the DKS frequency comb (bottom panel). A
good agreement between the measurement and the
calculation is obtained, and it confirms the linewidth
narrowing capability of our two-step pumping scheme.
Consequently, our DKS frequency comb has an unprec-
edented 22-Hz intrinsic linewidth that facilitates the
achievement of quantum-limited phase noise and timing
jitter into the attosecond realm.
The phase noise and timing jitter are analyzed with the

ARMI timing jitter measurement method [50], which
provides attosecond timing jitter precision with a
−194 dBc=Hz measurement noise floor at 1-GHz carrier

(equivalent to 2 × 10−3 as2=Hz) [45]. For our FFP reso-
nator, the quantum-limited phase noise should have a
characteristic 20 dB=decade roll-off and approach a white
noise floor of −182 dBc=Hz with a corner offset frequency
of 1 MHz [33]. Such low phase noise floor cannot be
accurately assessed by direct photodetection methods that
are typically shot noise limited at −160 dBc=Hz level
[45,59,60]. Figure 3(d) plots the experimentally measured
single sideband phase noise (SSB PN) spectrum overlaid
with the theoretically calculated quantum limit. Excellent
agreement between the measurement and the theory is
obtained for offset frequencies above 10 kHz, except for a
few high-frequency measurement artifact spikes resulting
from the 45-m-long fiber link in the ARMI setup [45]. The
integrated timing jitter is 2.5 fs for averaging times up to
100 μs, corresponding to less than half of the optical cycle
at the DKS center wavelength. It further breaks into the
attosecond timing jitter realm of 995 attosecond for
averaging times up to 10 μs [Fig. 3(e)]. For offset frequen-
cies below 10 kHz, relative intensity noise (RIN) from the
EDFA induced excessive noise through self-steepening
dominates the SSB PN spectrum. It rapidly increases the
integrated timing jitter to above the single-optical-cycle
level for averaging times up to 1 ms. However, these low
frequency noise components can be well suppressed by
either passively isolating the DKS setup from the environ-
ment or actively controlling the DKS power through
standard electronics. Here, we choose 10-MHz Fourier
frequency as the upper limit for the timing integration as the
white noise floor above 10 MHz can also be significantly
reduced by orders of magnitude through applying a narrow-
band rf filter to replace the shot noise with thermal noise
[61]. The measurement confirms the demonstrated DKS
frequency comb, with the novel FFP resonator platform and
two-step pumping scheme, achieves an unprecedentedly
low timing jitter in comparison to other on-chip combs and
complements the traditional mode-locked laser frequency
comb as a compact photonic flywheel.
Finally, the DKS pulse structure is characterized using a

second-harmonic generation frequency-resolved optical
gating (SHG FROG) system. A stable bright single-soliton
pulse train with a repetition period of 1.06 ns is observed on
the oscilloscope [50]. Before the pulse is directed to the
SHG FROG system, it passes through a free-space grating
filter and is then coupled into fiber with a coupling
efficiency of 24%, to have the primary laser and secondary
pump blocked. Then a dispersion compensated EDFA is
used to amplify the pulse energy to 740 pJ with spectrum
shown in the inset of Fig. 4(b). The pulse shape and
temporal phase are retrieved using an iterative genetic
algorithm [50,62] as plotted in Fig. 4(a), showing a nearly
transform-limited pulse duration of 220 fs with a
FROG error of 0.6%. The pulse has enough peak power
for high-quality supercontinuum generation in a 6-m long
dispersion-flattened HNLF (HNDS1626BA, SUMITOMO
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ELECTRIC) with dispersion of 5.8 ps=nm=km and
dispersion slope of 0.026 ps=nm2=km at 1550 nm. The
HNLF has a high nonlinear coefficient of 24 W−1 km−1,
and its zero-dispersion wavelength is extended to 1395 nm,
facilitating the generation of Cherenkov radiation at shorter
wavelengths around 1 μm. Overall, the supercontinuum
spans over an octave [Fig. 4(b)], where 292-pJ pulse energy
is concentrated within the 2000–2300-nm range to generate
a f-2f beating signal with enough signal-to-noise ratio.
This signal can be fed back to the pump laser frequency
through its piezo stage or the diode current, for future SHG
frequency comb self-referencing [3].
In summary, we demonstrate for the first time a compact

DKS photonic flywheel. The choice of FFP resonator
platform enables quantum-limited subfemtosecond timing
jitter at gigahertz repetition rate, and the innovation of two-
step pumping scheme is instrumental in mitigating the DKS
thermal instability and enforcing the DKS generation at the
quantum limit. Free running, our DKS photonic flywheel
achieves an intrinsic comb linewidth of 22 Hz and enters
into the attosecond timing jitter realm of 995 attosecond for
averaging times up to 10 μs. It has the benefit of DKS for
considerably larger comb spacings in nonconventional
spectral ranges but can achieve a performance that was
only attainable previously in traditional mode-locked
lasers. The spectrum centered at 1557 nm has a 3-dB
bandwidth of 20 nm, and it can be further broadened via
supercontinuum generation in dispersion-flattened HNLF
to cover more than an octave. It establishes the basis for
frequency comb self-referencing toward even lower time
jitter at all timescales. Broader comb spectra as well as
shorter pulse duration can be expected for further fiber
dispersion engineering. And the fabrication methods can be
improved to achieve higher finesses and lower the
pump power requirement. Finally, the intrinsic compati-
bility between our FFP resonator platform and the existing
fiber laser technology will facilitate hermetic all-in-fiber
packaging to achieve the long-sought-after goal of a field-
deployable precision metrology device in both spectral and
time domains.
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