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Abstract
Narrow linewidth stabilized lasers are central to precision applications that operate across the visible to short-wave
infrared wavelengths, including optical clocks, quantum sensing and computing, ultra-low noise microwave
generation, and fiber sensing. Today, these spectrally pure sources are realized using multiple external cavity tabletop
lasers locked to bulk-optic free-space reference cavities. Integration of this technology will enable portable precision
applications with improved reliability and robustness. Here, we report wavelength-flexible design and operation, over
more than an octave span, of an integrated coil-resonator-stabilized Brillouin laser architecture. Leveraging a versatile
two-stage noise reduction approach, we achieve low linewidths and high stability with chip-scale laser designs based
on the ultra-low-loss, CMOS-compatible silicon nitride platform. We report operation at 674 and 698 nm for
applications to strontium neutral and trapped-ion clocks, quantum sensing and computing, and at 1550 nm for
applications to fiber sensing and ultra-low phase noise microwave generation. Over this range we demonstrate
frequency noise reduction from 1 to 10 MHz resulting in 1.0–17 Hz fundamental and 181–630 Hz integral linewidths
and an Allan deviation of 6.5 × 10−13 at 1 ms for 674 nm, 6.0 × 10−13 at 15 ms for 698 nm, and 2.6 × 10−13 at 15 ms for
1550 nm. This work demonstrates the lowest fundamental and integral linewidths and highest stability achieved to
date for stabilized Brillouin lasers with integrated coil-resonator references, with over an order of magnitude
improvement in the visible wavelength range. These results unlock the potential of integrated, ultra-low-phase-noise
stabilized lasers for precision applications and further integration in systems-on-chip solutions.

Introduction
Stabilized narrow-linewidth lasers, operating across a

wide range of visible (VIS) to short-wave infrared (SWIR)
wavelengths, are essential tools for applications such as
neutral atom and trapped-ion based quantum sensing and
computing1–3, ultra-low phase noise microwave and
mmWave generation4–7, and fiber sensing8,9. These
applications can benefit from the integration of today’s
lab-scale stabilized lasers, leading to a reduction in size,
cost, and power consumption and improvement in relia-
bility and stability. Integrated solutions that can replace
these lasers must meet the required low phase noise and

carrier stability while at the same time support laser
emission and reference cavity operation that by design can
span over an octave wavelength range from the VIS to
SWIR.
Today, precision systems are constructed using SWIR

fiber lasers or external cavity diode lasers that are Pound
Drever-Hall (PDH) locked to bulk-optic ultra-low
expansion (ULE) reference cavities10–14. The table-top
lasers reduce the mid- to high-frequency offset noise
while the reference cavity is used to mitigate close-to-
carrier noise and improve carrier stability. To accom-
modate VIS light applications, these solutions incorporate
bulk-optic or waveguide second harmonic generation
(SHG)15. Progress has been made on miniaturization of
reference cavities using micro-optic designs16–18, yet such
solutions are not amenable to photonic integration, do
not support agile tuning for stabilization to atomic
references, and have large GHz-scale free spectral range
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(FSR) that do not support locking of fine resolution
wavelength tuning.
Integrated approaches can employ dual-stage laser noise

reduction using a first stage integrated laser with non-
linear suppression of high-frequency offset noise, followed
by a second cavity stage that reduces low- to mid-
frequency offset noise19. Integrated lasers that employ
non-linear feedback mechanisms include stimulated
Brillouin scattering (SBS) and self-injection locking, and
have been demonstrated in the VIS20–24 to SWIR25–28.
Integrated stabilization cavities, such as coil or spiral
resonators, have the large optical mode volume needed to
reduce the low- to mid-frequency noise down to the
thermorefractive noise (TRN) limit29,30. The silicon
nitride platform offers low loss from the VIS to
SWIR25,31–33, and can be used to realize Brillouin lasers
and coil resonator stabilization cavities that can operate
across octave wavelengths, with application to a wide
range of precision applications. However, Brillouin laser
stabilization using a common CMOS-compatible plat-
form for both laser and reference cavity, with design
flexibility to operate across a more than octave spanning
range, has yet to be demonstrated.
Here, we report a class of integrated stabilized Brillouin

lasers, capable of operation by design from the VIS to
SWIR, fabricated in the CMOS-compatible low-loss Si3N4

integration platform. Over an octave span, we demon-
strate orders of magnitude frequency noise reduction
from 1Hz to 10MHz, resulting in sub-20 Hz fundamental
linewidth (FLW) and sub-kHz 1/π integral linewidth
(ILW) emission with specific operation at 674 nm for Sr+

ion applications15,34, 698 nm for Sr neutral atom appli-
cations2, and 1550 nm for fiber sensing and ultra-low
noise microwave applications4,8. The concept and
potential applications are illustrated in Fig. 1. Frequency
noise and linewidth reduction are achieved in two stages,
first using SBS in Si3N4 resonators with the appropriate
wavelength pump laser to lower high-frequency offset
noise and then PDH locking the SBS laser to a meter-scale
Si3N4 coil-resonator reference operating at the same
wavelength for low- to mid-frequency offset noise
reduction. Using this approach, we reduce the pump laser
FLW to Hz-level and the ILW to sub-10 kHz level, across
over an octave range. The meter-scale coil resonators are
enabled by ultra-low losses and ultra-high quality
factors (Q)4. We measure 0.63 dBm−1 and Qi= 94 × 106

at λ= 674 nm, 0.53 dBm−1 and Qi= 110 × 106 at
λ= 698 nm, and 0.64 dBm−1 and Qi= 41 × 106 at
λ= 1550 nm (Supplementary Information S1). The com-
bination of dilute waveguide modes and coil resonator
length provides a large optical mode volume with low
TRN floor30, which enables a 10× ILW reduction over the
TRN limit of the SBS laser alone. These low losses also
enable direct emission SBS lasing with thresholds of
7 mW, 5mW, and 14.6 mW at 674 nm, 698 nm, and
1550 nm, respectively. In the visible, SBS is used to gen-
erate a 14 Hz FLW at 674 nm and a FLW of 7 Hz at
698 nm, while in the SWIR, the SBS FLW is 1.0 Hz at
1550 nm. The meter-scale coil resonator provides an
additional order of magnitude ILW reduction for each
Brillouin laser, measuring 322 Hz, 630 Hz, and 181 Hz
ILW at 674 nm, 698 nm, and 1550 nm, respectively. The

Sr+ ion

Sr neutral
atoms

Ultra low noise
RF generation

Fiber sensing

674 nm

698 nm

1550 nm

Fig. 1 Illustration of integrated photonic coil-stabilized Brillouin lasers used for generation ultra-low phase noise and high stability at 674 nm for Sr+
ions, 698 nm for Sr neutral atoms, and 1550 nm for long-distance fiber sensing and ultra-low phase noise RF and microwave generation
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coil-resonators also provide short term laser stability with
the Allan Deviation (ADEV) measured at 6.5 × 10−13 at
1 ms for 674 nm, 6.0 × 10−13 at 15 ms for 698 nm, and
2.6 × 10−13 at 15 ms for 1550 nm. The ability to reduce the
frequency noise and improve stability across the VIS to
SWIR, by design, holds promise for integrated precision
lasers across a wide range of applications to unlock the
potential to move precision experiments out of the
laboratory and into the field and portable applications.

Results
We demonstrate operation across over an octave from

674 to 1550 nm of integrated SBS lasers stabilized to
integrated coil-resonators using PDH locking. We achieve
orders of magnitude frequency noise reduction across the
whole frequency range 1 Hz to 10MHz with close to TRN
floor-limited operation. The stabilized laser (Fig. 2a)
operates by first locking the pump laser to the integrated
SBS resonator, enabling the continuous generation of first
Stokes (S1) emission. The Stokes output is optically

amplified and frequency tuned using an acousto-optic
modulator (AOM) for locking to the coil resonator. In the
future, the AOM stage can be removed by direct tuning of
the SBS laser35. The S1 output is locked to the integrated
coil resonator using a PDH loop and the AOM for fre-
quency noise reduction. The two stages of linewidth
narrowing are illustrated in Fig. 2b, c, where Brillouin
lasing reduces the high-frequency offset noise and reduces
the fundamental (Lorentzian) linewidth of the laser and
the second stage lowers the low- to mid-frequency offset
noise and reduces the ILW of the laser. The fundamental
linewidth is constrained by a combination of SBS laser
intracavity power, resonator quality factor (Q), and
required operation below the onset of second-order
Stokes lasing. The ILW narrowing is limited by the
TRN floor of the coil resonator and the gain and band-
width of the PDH lock.
The coil-resonators and SBS lasers are realized using a

weakly confining thin-core, low-loss, high-Q Si3N4

design25,31,36. Here, we demonstrate that the same 40 nm
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Fig. 2 Coil-stabilized SBS laser and concept of two-stage linewidth narrowing. a Schematic of coil-stabilized SBS experiment. Blue represents
the pump laser, orange represents the S1 emission, and green represents the coil-stabilized SBS laser. b Illustration of high-frequency noise reduction
of pump laser noise using SBS and low- to mid-frequency noise reduction using coil-stabilization. The TRN limit (black dashed curve), fundamental
linewidth (FLW, green dashed line), and integral linewidth (ILW, green shaded area) are shown. c Illustration of linewidth narrowing of the pump
laser, S1 emission, and coil-stabilized SBS laser
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thick nitride waveguide core can be used for both SBS
lasers and coil resonators in the visible with mask-only
changes in the waveguide width. At 1550 nm, the SBS
laser is 40 nm thick for lower loss and threshold, while the
coil resonator is 80 nm thick for increased compactness.
The benefits of this waveguide configuration and fabri-
cations details can be found in ref. 36. The bend radii are
kept above the critical bend radius and the absorption loss
is lowered using high-temperature annealing. The TM
mode is chosen to reduce sidewall scattering loss31. The
SBS resonator waveguide width is 2.3 µm for 674 nm,
2.5 µm for 698 nm, and 11 µm for 1550 nm. The coil
resonator waveguide widths are 3 µm for 674 nm and
698 nm, and 6 µm for 1550 nm. The losses are measured
using resonator Q factor (Supplementary Information S1)
and a calibrated Mach–Zehnder Interferometer (MZI)
method (see “Methods”).
The SBS lasers are designed for mW-level threshold

operation with integer multiple of the resonator FSR
chosen to phase match the Brillouin Stokes shift. The
radius of the SBS resonator is 3.73 mm to match the
25.1 GHz Brillouin gain shift at 674 nm20, 3.82 mm to
match the 23.3 GHz Brillouin gain shift at 698 nm, and
11.83 mm to match 10.9 GHz Brillouin gain shift at 1550
nm26. The S1 thresholds are measured to be 7mW,
5mW, and 15mW at 674 nm, 698 nm, and 1550 nm26,
respectively (Supplementary Information S2). The
threshold varies with the propagation loss, resonator bus
coupling, and FSR of the cavity relative to the Stokes
frequency shift37. Shorter wavelengths have higher pro-
pagation loss, resulting in lower Q and higher thresholds
for VIS operation. The coupling condition of the cavity
affects both the threshold and slope efficiency of the
Brillouin lasing. Stronger coupling between the bus
waveguide and the resonator yields a higher slope effi-
ciency and a higher threshold. Mismatch of integer mul-
tiples of the FSR from the peak Brillouin gain shift for a
particular wavelength operation will also increase the S1
threshold.
To generate SBS, the pump laser is PDH locked to the

SBS cavity, and the first-order Stokes (S1) is extracted in
the counter propagating direction using a circulator. The
SBS laser is operated below the second order Stokes (S2)
threshold to avoid cascaded emission of SBS, which
degrades the S1 fundamental linewidth37. To ensure that
second-order Brillouin (S2) lasing does not influence the
reported performance, we measure the SBS spectrum with
an optical spectrum analyzer with different pump powers.
In addition, we track the pump-S1 power relation (Fig.
S2), which would exhibit saturation and fundamental
linewidth increase if S2 lasing were present. Neither effect
is observed over the pump power range studied, con-
firming that S1 operation remains well below the S2
threshold. The pump sources are external-cavity tunable

lasers (ECTLs) at 674 and 698 nm, and a fiber Bragg
grating stabilized diode laser at 1550 nm. The pump phase
noise output is strongly suppressed since the Brillouin
process compresses pump phase diffusion when the
phonon decay rate greatly exceeds the optical decay rate
and pump linewidth37. There is a transfer of pump
intensity38, which we have not accounted for in this work
and will be considered in future work. The fundamental
linewidths are calculated from the measured white fre-
quency noise (typically above 1MHz offset), and are
reduced to 14 Hz for 674 nm, 7 Hz for 698 nm, and 1 Hz
for 1550 nm. This represents a fundamental linewidth
reduction from the pump to S1 of 3300X, 280X, and 96X,
respectively.
For the visible wavelengths, a 3-m length coil resonator

design is used that consists of a waveguide bus connected
to two inter-connected 1.5 m spirals, resulting in an
optical mode volume that is approximately 125 times that
of the 674 nm and 698 nm SBS resonators. At 1550 nm,
we use a 4-m-long coil design with a similar layout to the
3 m coils. We use an AOM to frequency shift the SBS
laser output for stabilization to the integrated coil reso-
nator cavity (Fig. 3a) with an optical amplifier to com-
pensate for the AOM optical loss. For amplification at
674 nm and 698 nm, we use injection-locked high-power
laser diodes (Ushio HL67001DG, HL70021DG) and at
1550 nm we use a commercial EDFA (Fig. 3a, b). In Fig. 3,
two main paths are shown, the locking path and mea-
surement path. The locking path modulates the SBS
output (S1) using an electro-optic modulator (EOM) for
stabilization to the coil resonator. The coil resonator
transmission port is then detected for PDH locking. The
PDH servo correction is fed back to the AOM to perform
frequency correction. The measurement path is used to
characterize the frequency noise using an unbalanced
fiber MZI and beat note (BN) measurement with a ULE
stabilized frequency comb and SHG. The unbalanced
fiber MZI (Fig. 3c) is used to measure frequency noise in
the ~1 kHz to 10MHz range (see “Methods”). At low-
frequency offsets, 1 Hz to 1 kHz, the fiber MZI environ-
mental fluctuations and noise dominate the laser noise.
We use a Vescent fiber frequency comb (model FFC-100)
stabilized to a 400,000 finesse ULE cavity (Stable Laser
Systems model 6020-4), and frequency-double the comb
using SHG to provide a 1 Hz BN reference from 1800 nm
down to 600 nm with 100MHz comb line frequency
spacing. The noise is measured by taking the heterodyne
BN signal between the laser under test and the nearest
comb line (Fig. 3d), followed by a frequency counter as
described in “Methods”. The frequency noise data from
the heterodyne BN and OFD are stitched together pro-
viding laser noise measurements from 1Hz to 10MHz.
This data is used to extract the FLW and ILW at all
wavelengths reported here.
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The resulting stabilized laser noise and linewidth per-
formance are summarized in Fig. 4. We measure a 17 Hz
FLW and 322 Hz ILW at 674 nm (Fig. 4a), a 17 Hz FLW
and 630 Hz ILW at 698 nm (Fig. 4b), and a 1.0 Hz FLW
and 181 Hz ILW at 1550 nm (Fig. 4c). The frequency
noise data before the stitch are shown in Supplementary
Information S4. These results are for over an octave span
with the ILW reduced by 10×–800× compared to the
pump laser and the FLW reduced by 96×–2700×. The
frequency noise at 674 and 698 nm approaches the TRN
limit near 8 kHz frequency offset, while at 1550 nm near
1 kHz frequency offset. Further reduction of the residual
excess noise is expected through improvements in the
PDH locking scheme at higher frequency offsets and
enhanced acoustic and vibrational isolation of the refer-
ence coil resonator at lower frequency offsets. We note
that the fundamental linewidth is slightly increased from
S1 due to the added noise of the amplifiers. The ADEV is
calculated from the frequency noise data (Fig. 4d) with a
minimum of 6.5 × 10−13 at 1 ms for 674 nm, 6.0 × 10−13 at
15 ms for 698 nm, and 2.6 × 10−13 at 15 ms for 1550 nm.
The simulated TRN-limited integral linewidth of the coil
resonators is below 100 Hz, which represents the achiev-
able ILW for all lasers given optimal PDH lock
performance.

Discussion
We demonstrate silicon nitride integrated coil resonator

stabilized Brillouin laser designs that are capable of
operating over an octave span from the VIS to SWIR and
report record-low linewidths and frequency noise from
1Hz to 10MHz with close to TRN-limited performance
over this wide wavelength range. This dual-stage laser

design is demonstrated at key wavelengths in the visible
for the strontium atomic species quantum applications
and in the SWIR for fiber sensing and ultra-low phase
noise microwave and RF generation. Compared with our
previous demonstration of Brillouin lasing in similar on-
chip cavities, the fundamental linewidth at 674 nm is
improved by more than an order of magnitude, from
269.720 to 17 Hz. At 1550 nm, the achieved fundamental
linewidth of 1.0 Hz is comparable to the earlier 0.7 Hz
result26. Furthermore, the ILW is reduced from the
1–10 kHz range of a standalone Brillouin laser to the sub-
kHz regime through coil stabilization. In principle, a
single high-bandwidth cavity lock could suppress noise
across all offset frequencies, but achieving MHz-level
feedback with conventional optoelectronic loops is
extremely challenging due to delay and parasitic limita-
tions. In contrast, the SBS process intrinsically suppresses
high-frequency noise through photon–phonon dynamics,
while the coil resonator PDH lock provides mid- and low-
frequency stabilization. Together, this two-stage approach
achieves broadband noise reduction, with the ultimate
limit set by TRN of the optical cavities. With further
optimization of the coil resonator PDH lock39 and
improved acoustic isolation of the integrated laser and
coil the linewidths can be reduced to the coil TRN limited
50 Hz, 63 Hz, and 6 Hz ILW at 674, 698, and 1550 nm,
respectively. The fundamental linewidth and optical
power can be further reduced through improved design of
the SBS laser. For example, second-order Stokes (S2)
suppression40–42 or an increase in the SBS cavity length43.
Since the Brillouin laser and coil resonator are fabricated
on the same silicon nitride platform using the same
process flow, the laser and cavity can be integrated on the
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same chip and combined with other components, for
example, a 50/50 splitter, S1 optical filter, and pump
lasers21,44.
Recent advances in integrated laser stabilization have

established a range of performance benchmarks, including
Hz-level fundamental linewidths, kHz-level and sub-kHz
ILWs across integrated platforms such as self-injection
locked (SIL) lasers21,45, ECTLs46,47, and extended dis-
tributed Bragg grating (EDBR) lasers48. Our results add to
this design phase space by demonstrating that coil-
stabilized SBS lasers can achieve both ultra-narrow fun-
damental linewidths and ILWs well below 1 kHz, while
extending operation into the visible. Compared with SIL
lasers, the coil-stabilized SBS laser provides a larger tun-
ing range and higher stability over the larger tuning range,
while SIL lasers are inherently free of servo-induced noise
bumps. We estimate the effective tuning range of the
Brillouin laser by considering the pump wavelength
detuning at which the Brillouin gain decreases by half.
This yields values of ~3.5 nm at 674 nm, ~3.5 nm at
698 nm, and ~17.7 nm at 1550 nm for the resonators
studied here, assuming the range is not constrained by the
pump laser’s own mode-hop-free operation or by the
tuning capability of the SBS cavity. In practice, the
achievable range will also likely be limited by these fac-
tors, but the estimates highlight the potential for wide and
stable tunability in the SBS platform. Compared with
ECTL lasers, SBS lasers exhibit a lower fundamental
linewidth and higher noise suppression at large offset
frequencies, which is advantageous for applications
requiring higher Rabi frequencies. On the other hand,
since SBS lasers are still pumped by an ECTL, improve-
ments in the pump laser’s mode-hop-free tuning range
and low-offset frequency noise would further enhance the
performance of the coil-stabilized SBS laser. Taken
together, these attributes suggest that SBS-mediated sta-
bilization is a strong candidate to become the leading
integrated solution for clock-grade, quantum, and sensing
applications.
The integrated SBS laser and coil resonators can be

readily implemented at many wavelengths within the
Si3N4 transparency window31. The wavelength-
dependent design includes two main aspects. The first
is the waveguide design, including width, minimum
bend radius, and ring-bus coupling gap, which are
adjusted at the mask level to optimize performance at
different wavelengths. The second is engineering the
resonator FSR to match the Brillouin shift at the target
wavelength, achieved by setting the resonator radius in
the mask design. Together, these parameters enable the
realization of SBS lasers at the desired wavelength with
the required performance. Demonstrations at 674 nm
and 698 nm specifically target transitions relevant to

strontium trapped ions and neutral atoms, making this
approach suitable for optical clocks and quantum
information processing. The narrow laser linewidth
provides low phase noise at key frequency offsets, which
is significant to the fidelity of qubit operations and sta-
bility of atomic clocks15,34. This approach can be used to
address a broader set of wavelengths of interest to
quantum applications, including the important 780 nm
for rubidium. The current results in the visible
demonstrate the potential to achieve lower ILWs com-
pared to prior SIL-only approaches 780 nm21. Future
work will also extend ADEV measurements to longer
averaging times relevant for optical clocks (>1000 s),
including assessments of long-term drift and Allan
deviations that are expected to follow 1=

ffiffiffi

τ
p

scaling,
together with consideration of systematics in the full
physics package. The performance of fiber interfero-
metric sensing improves with decreased phase noise8,9

and the microwave phase noise in optical frequency
division approaches can be reduced using low noise
stabilized lasers4,6,7.
Looking ahead, this coil-stabilized SBS laser design,

fabricated in the versatile ultra-low-loss silicon nitride
platform, provides a CMOS foundry-compatible way to
integrate a wide range of precision technologies at the
chip scale. To integrate both SBS and coil cavity on the
same chip, an integrated frequency shifting component or
direct modulation of the SBS cavity is required to replace
the AOM in the system, such as PZT or AlN modulated
cavities. Because the pump is PDH locked to the SBS
cavity, tuning the cavity directly shifts the SBS frequency,
with a feedback bandwidth up to ~10MHz using PZT
actuation. To avoid loop interaction, the lock bandwidths
are separated in frequency, ensuring stable operation of
both servos. The SBS light does not carry the pump-laser
PDH modulation, since the sidebands contain much less
optical power and their lasing thresholds rise rapidly with
detuning from resonance, preventing them from reaching
the Brillouin threshold. As a result, the first-stage mod-
ulation does not interfere with the second-stage lock,
allowing both to operate stably and supporting future full
integration of both stage locks. The 1550 nm SBS cavity
can be implemented with an 80 nm thickness, ensuring
compatibility with the coil resonator and allowing a more
compact design, with a slight trade-off in propagation loss
and linewidth. By combining on-chip SBS and coil reso-
nators with integrated components such as ECTLs44,46,49,
piezoelectric (PZT or AlN) modulators50,51 AOMs52,53

and ion or atom traps54–56 a complete optical system-on-
chip can be realized. These results unlock the potential for
compact atomic clocks, scalable quantum computing
architectures, high-resolution spectroscopy, low-phase-
noise mm-wave generation, and field-deployable sensors.
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Methods
Fabrication process
The fabrication starts with 15 µm thermally grown

silicon dioxide on top of the silicon substrate. A stoi-
chiometric silicon nitride film is then deposited with low-
pressure chemical vapor deposition (LPCVD). The
waveguide is patterned by a 248 nm DUV stepper and
etched by inductively coupled plasma reactive ion etch
with CF4/CHF3/O2 gas. The upper cladding is 6 µm sili-
con dioxide deposited with tetraethylorthosilicate
(TEOS)-based plasma enhanced chemical vapor deposi-
tion (PECVD) and annealed to mitigate scattering and
absorption losses.

Quality factor measurements and calculation
The power of a frequency-detuning laser is split into

two fractions. One fraction is sent through an unbalanced
fiber MZI with a calibrated FSR as a frequency reference.
The other fraction is sent through the tested resonator.
Both power transmissions of the fiber MZI and the tested
resonator are synchronized and recorded with an oscil-
loscope. The loss and Q of the resonance are calculated by
fitting the transmission spectrum to waveguide resonator
theory. The measured frequency detuning is calibrated to
the FSR of the fiber MZI.

Optical frequency discrimination and beat note
measurements of frequency noise
Frequency noise is measured either by optical frequency

discrimination (OFD) with a fiber MZI or BN with a sta-
bilized laser system (SLS) reference. The unbalanced fiber
MZI is first calibrated for FSR frequency. We send the laser
to be tested through the fiber MZI and measure the dif-
ference in output optical power with balanced photo-
detectors. Then, we ramp the phase shift on one arm of the
fiber MZI to get peak-to-peak voltage of the photodetector
output. With the calibrated FSR and measured peak-to-
peak voltage, the power output change corresponds to an
optical frequency shift around the quadrature point. While
taking a measurement, we trigger the measurement around
the quadrature point and sample with different rates for
different offset ranges. We average the data over several
measurements and stitch different sampling rate traces for
the full range frequency noise data.
For low-offset frequency noise, which is limited by the

fiber MZI vibration and acoustic noises, we measure the
BN between the tested laser and our frequency comb
locked to the SLS. The comb operates in the C-band and
is frequency-doubled to reach the visible wavelength
range. We mix the two lasers and measure the BN signal
with a frequency counter. The stability of the SLS allows
us to measure the frequency noise in offsets of 1–1000 Hz.
Due to the limited optical power of the comb and the
nonlinear efficiency of the frequency doubling, at 674 and

698 nm, we phase lock the BN signal to a voltage-
controlled oscillator to improve the signal-to-noise ratio
for the frequency counter.
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