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Generation of multiple ultrastable optical frequency
combs from an all-fiber photonic platform

Dohyeon Kwon', Igju Jeon', Won-Kyu Lee?, Myoung-Sun Heo? Jungwon Kim'*

Frequency-stabilized optical frequency combs have created many high-precision applications. Accurate timing,
ultralow phase noise, and narrow linewidth are prerequisites for achieving the ultimate performance of comb-
based systems. Ultrastable cavity-based comb-noise stabilization methods have enabled sub-10"">-level frequency
instability. However, these methods are complex and alignment sensitive, and their use has been mostly confined
to advanced metrology laboratories. Here, we have established a simple, compact, alignment-free, and potentially
low-cost all-fiber photonics-based stabilization method for generating multiple ultrastable combs. The achieved
performance includes 1-femtosecond timing jitter, few times 10™">-level frequency instability, and <5-hertz
linewidth, rivalling those of cavity-stabilized combs. This method features flexibility in configuration: As a repre-
sentative example, two combs were stabilized with 180-hertz repetition rate difference and ~1-hertz relative
linewidth and could be used as an ultrastable, octave-spanning dual-comb spectroscopy source. The demonstrated
method constitutes a mechanically robust and reconfigurable tool for generating multiple ultrastable combs suitable
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for field applications.

INTRODUCTION

Optical frequency combs have evolved to become an essential tool
for many emerging high-impact applications, such as optical atomic
clocks (1), comb-based spectroscopy (2-5), low-noise microwave
generation (6, 7), precision dimensional metrology (8), synchronization
of ultrafast x-ray facilities (9, 10), and photonic signal processing
(11, 12), to name only a few. The performance of many comb appli-
cations is greatly benefited by stabilizing the comb-line frequencies.
Among different methods for stabilization, optical frequency division
(OFD) could achieve subfemtosecond timing jitter with sub-10""
fractional frequency instability of microwave and optical frequency
for ~1 s (6, 7). This method is based on transferring the ultrastable
mechanical stability of the Fabry-Pérot cavity via a continuous wave
(CW) laser and subsequently locking the self-referenced [carrier-
envelope offset frequency (fe,)-stabilized] frequency comb to the
cavity-locked CW laser. However, the implementation of high-
performance OFD systems has been mostly limited to a few advanced
metrology laboratories due to the technical complexity, high cost,
and environmental sensitivity of these systems.

As an alternative approach, one can use an optical fiber delay
line as both a timing reference and a frequency discriminator
with an enhanced sensitivity. Because of the low-loss nature of
telecommunications-grade optical fiber, an effective quality factor of >10°
can be achieved with 1-km-long fiber (13). Previously, a CW laser
frequency was stabilized by a 1-km-long fiber link, resulting in an
8-Hz linewidth (13). More recently, the comb spacing (repetition rate)
of free-running mode-locked oscillators could be stabilized to <107"
frequency instability using a 10-km-long fiber delay line (14). How-
ever, so far, there has been no work on optical frequency combs
fully stabilized by all-fiber photonics with performance approaching
that of optical cavity-based stabilization methods. Here, we have
established a simple yet powerful platform that can stabilize multi-
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ple optical frequency combs directly to a single fiber delay line with
5.7 x 107" frequency instability within 1 s.

RESULTS

Operation principles

Figure 1 shows a conceptual diagram of the proposed all-fiber
photonics-based multiple ultrastable optical frequency comb generator.
Standard self-referenced mode-locked laser frequency combs are used
as individual comb sources. Note that f.., control of typical fiber
combs can be routinely achieved by f-2f interference with 10™"®-level
instability and 100-mrad integrated root mean square (RMS) phase
noise (15), which is the case for our experiment as well. The output
of the i-th optical frequency comb is filtered by each individual (and
spectrally nonoverlapping) narrow optical bandpass filter (OBPF),
which has a center frequency of v; (i = 1, 2, ..., n), and is applied to
a Michelson interferometer with a long fiber delay line in one arm.
In this work, a compactly packaged 1-km-long SMF-28 fiber spool
with an inner (outer) diameter of 7 cm (8 cm), which is made by the
fiber gyroscope coil winding method, is used as the fiber delay line.
The filtered comb-line frequency is directly locked to the stability of
this long delay line with equivalent timing stability dt/t, where 1 is
the delay time. Note that the projected thermomechanical and thermo-
conductive noise-limited timing stability of a 1-km-long SMF-28
fiber is 1.7 x 107" level in 1 s (16, 17). By stabilizing fceo,; and v;
simultaneously, the entire comb lines of the i-th comb source can be
frequency stabilized to the 107" level. Furthermore, by using different
filter center wavelengths, multiple combs can be simultaneously
stabilized. Note that, although the cavity-based stabilization methods
can also stabilize multiple combs, our method can directly stabilize
multiple combs to a single fiber link without any CW lasers.

For effective interference between two optical pulses (each reflected
back from short and long arms) at the interferometer output, opti-
cal delay control is required for each comb-line frequency v;. Here,
delay control can be implemented by a precise translation stage (14)
or dispersion compensating fiber (18). For multiple comb stabilization,
independent delay control for each v; is required, and this control

10f6



SCIENCE ADVANCES | RESEARCH ARTICLE

Fiber reference system

Tunable T FRM
delay , 1 .
Tunable \ ( s AOFS _I
delay ; |~ WDM ‘ f
i lao
P :
Gl Locking  2fao
2

electronics 1

[ _ € TN B 2o
/ Locking BPF AMP
/ electronics n
/ - -
/ e [t (v + 2fe0)] 8fvi .
[ ! i = 8[t(ifreps + feeos
WM/ oo 550 (o + feco)] : 1-km-long fiber link
EDFA, ¢ i | Sv &t i
<A -l Ly %~ 7 a By sul
OBPF @ v Optical frequency combn !
[\ . Jfeeoit ’ “V"
NI — o W,
EDFA, OBPF @y, ‘ Optical frequency comb i
\\ : Jeeo.n ‘ F!Iv‘ = Optical signals
e 4 {\} L,’,’ ] | il V| e » Electronic signals
EDFA; OBPF@v, Optical frequency comb 1

Fig. 1. Schematic of generating ultrastable optical frequency combs based on an all-fiber photonics platform. The comb-line frequency v; (i=1, 2, ..., n) of each
comb source is directly locked to the stability of the fiber reference (8t/1) while stabilizing the carrier-envelope offset frequency fceo,i (i=1, 2, ..., n) of each comb. Using
WDM couplers and tunable delay, multiple optical frequency combs are simultaneously locked to the fiber reference. AMP, radio frequency amplifier; AOFS, acousto-optic
frequency shifter; BPF, radio frequency bandpass filter at 2f,,; EDFA, erbium-doped fiber amplifier; FRM, Faraday rotating mirror; OC, 2 x 2 optical coupler; WDM,
wavelength-division multiplexer; VCO, voltage-controlled oscillator. Photo credit: Dohyeon Kwon, KAIST

can easily be realized by wavelength multiplexing/demultiplexing and
delay tuning for each wavelength, as shown in Fig. 1. Another power-
ful feature of the demonstrated method is that, by tuning the filtering
center wavelengths and optical delay, any arbitrary repetition rates
of frequency combs can be stabilized. This property increases flexi-
bility in the system designs: As a representative example, two combs
with slightly different repetition rates can be stabilized to a single
fiber delay line, resulting in an ultrabroadband and ultrastable
dual-comb source (which is experimentally demonstrated later in
this paper).

The outputs of the interferometer are divided by center wave-
lengths and photodetected for extracting comb-line frequency noise.
To avoid the baseband background noise in the electronic domain,
synchronous detection is used by inserting an acousto-optic fre-
quency shifter (AOFS), driven by frequency f,,, in the fiber delay
line. The photodetected frequency noise of the i-th comb source is
weighted by the fiber delay time t and written as §[t(v; + 2f,0)]. By
frequency mixing this noise with 2f,o, 8[1v;] = 8[t(1frep,i + feeo,i)] can
be extracted, where #;, frep,i» and fceo i are the mode number, repeti-
tion rate, and carrier-envelope offset frequency, respectively, of the
i-th comb source. Driving intracavity actuators in the comb source
completes the stabilization process. More detailed information on
the experimental setup is provided in Materials and Methods and
the Supplementary Materials.

Absolute phase and frequency noise, linewidth,

and frequency instability performances

Figure 2 (A and B) shows the optical phase noise and frequency
noise power spectral density (PSD), respectively, at 1540 nm when
stabilizing a nonlinear amplifying loop mirror mode-locked erbium
fiber comb (denoted as comb-A; see Materials and Methods) to a
1-km-long fiber delay line. Both spectra are measured in an out-of-
loop manner using a second fiber interferometer (see Materials and
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Methods and the Supplementary Materials). As expected, the stabilized
phase and frequency noise approach the limits set by mechanical
dissipation due to thermal fluctuations of the fiber delay (blue dashed
lines in Fig. 2, A and B) (16, 17). Noise spikes in the 20- to 200-Hz
range are mostly caused by the vibration noise (from the bottom of
the setup) coupled to the fiber link (see the Supplementary Materials).
A strong peak at 2 Hz is caused by the resonance frequency of the
air-floating optical table. Overall, these technical noise components
can be further suppressed by better environmental shielding (e.g.,
one example of vibration isolation method is shown in the Supple-
mentary Materials). From the B-separation line for linewidth prediction
(19) in Fig. 2B, the expected linewidth of the comb line is ~5 Hz.
Note that if the strong 2-Hz peak is removed by better shielding, the
linewidth can be further narrowed down to <1 Hz. Figure 2C shows
the measured absolute linewidth by beating the comb line against a
frequency-stabilized 1550-nm CW fiber laser. The measured linewidth
is ~28 Hz, which is limited by the CW laser linewidth used (see
Materials and Methods and the Supplementary Materials). The
fractional frequency instability (Fig. 2D) is converted from the phase
noise data (for <0.1 s) and time-domain measurement with a data
logger (for >0.1 s). The frequency instability reaches 5.7 x 10" at
0.4 s averaging time and diverges after 0.4 s due to linear temperature
drift in the fiber link. The calculated temperature drift and measured
frequency drift are 1.7 nK/s and 3.4 Hz/s at 194 THz, respectively (20).

Curve (i) in Fig. 3 shows the comb-line phase noise scaled to a
10-GHz carrier frequency. As the equivalent f, noise [curve (ii) in
Fig. 3] is much lower, this phase noise corresponds to the repetition
rate phase noise with integrated RMS timing jitter of 1.18 fs (inte-
gration bandwidth, 1 Hz to 100 kHz). The phase noise performance
is comparable to or superior to that of state-of-the-art microwave
generators [curves (iii) to (v) (21-23)] and cavity-based OFD results
[curves (vi) and (vii) (6, 7)]. As advanced high-speed photodetection
(6, 7) or microwave oscillator phase locking (24) methods can both
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Fig. 2. Absolute phase noise, frequency noise, linewidth, and frequency instability of the fiber delay-stabilized frequency comb. (A) Measured single-sideband
(SSB) optical phase noise PSD of the fiber delay-stabilized comb at 1540 nm (black), phase noise PSD projected from thermomechanical and thermoconductive fiber
length fluctuation (blue dashed curve), and measured optical phase noise PSD of the free-running comb (gray dotted curve). (B) Measured frequency noise PSD of the
fiber delay-stabilized comb at 1540 nm (black) and frequency noise PSD projected from thermomechanical and thermoconductive fiber length fluctuation (blue dashed
curve). (C) Measured linewidth at 1550 nm of the fiber delay-stabilized comb using a frequency-stabilized CW fiber laser. (D) Fractional frequency instability of the fiber
delay-stabilized comb (black, squares) and projected instability from thermomechanical and thermoconductive length fluctuation (blue, diamonds). The inset gray curve is

the fractional frequency instability of the free-running comb.
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Fig. 3. Absolute phase noise of repetition rate (i.e., timing jitter) of the fiber delay-
stabilized frequency comb. Curve (i), measured optical phase noise of the fiber
delay-stabilized comb scaled to the 10-GHz carrier (black). Curve (i), measured residual
feeo NOIse scaled to 10 GHz (gray). For comparison, the phase noise of a 10-GHz oven-
controlled crystal oscillator (OCXO) (27) [curve (iii), red circles], 10-GHz sapphire-loaded
cavity oscillator (SLCO) (22) [curve (iv), purple triangles], 10-GHz optoelectronic oscillator
(OEO) (23) [curve (v), right green diamonds], and 10-GHz microwaves generated by
OFD (6, 7) [curve (vi), blue squares; curve (vii), green squares] are also shown. Curve
(viii), integrated RMS timing jitter of the measured repetition-rate phase noise.

show low excess noise in the optical-to-electronic (O-E) conversion
process (e.g., <—120 dBc/Hz at 1 Hz and <-155 dBc/Hz at 10 kHz)
(24), the repetition-rate phase noise can be transferred to the micro-
wave domain when a careful O-E conversion process is used.
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Demonstration of ultrabroadband and ultrastable

all-fiber dual comb sources

The capability for stabilization of multiple comb sources with dif-
ferent repetition rates enables various system designs as needed.
One such example is a dual-comb spectroscopy (25, 26) source. So
far, dual-comb sources have been mostly based on either simple
but relatively lower performance mode-locked oscillators (27) or
higher-performance but much more complicated ultrastable
cavity-stabilized combs (26). As an alternative approach for
achieving both simplicity and high performance, our proposed
method can constitute an all-fiber photonic dual-comb source
with high-resolution, high-frequency accuracy, and broad band-
width. In our experiment (see Fig. 4A), two ~250-MHz erbium
fiber combs (denoted as comb-A and comb-B; see Materials and
Methods) with a 180-Hz repetition rate difference (Afrp) are
simultaneously stabilized to a 1.23-km-long fiber delay line. Note
that 180-Hz detuning is chosen to cover more than an octave (1 to
2 um) from spectrally broadened erbium fiber frequency combs.
For stabilization, 1540- and 1560-nm filtering with a 1-nm band-
width are used for comb-A and comb-B, respectively. The comb-
to-comb interferogram is acquired by a high-speed oscilloscope
and is Fourier transformed into the radio frequency (RF) domain,
which confirms that Af;.p is 180 Hz (Fig. 4B). To evaluate the rel-
ative linewidth between the two combs, we measured the relative
linewidths with respect to the CW laser locked to the same fiber
reference (see Materials and Methods and the Supplementary
Materials). As shown in Fig. 4C, the relative linewidth between
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Fig. 4. Two optical frequency combs locked to a single fiber delay line. (A) Concept of dual-comb source stabilization using a single fiber delay line. (B) Fourier-transformed
interferogram of the fiber delay—stabilized comb-A and comb-B. (C) Relative linewidth between each comb and the CW laser when both lasers are stabilized to the same

fiber delay line.

comb-A (comb-B) and the CW laser is 0.8 Hz (1.8 Hz), which
gives the estimated relative linewidth between the two combs as
~1-Hz level.

DISCUSSION

We have demonstrated an all-fiber photonic platform for generat-
ing multiple ultrastable optical frequency combs with 5.7 x 107"
frequency instability within 1 s. The frequency stabilization is based
on only off-the-shelf, telecommunications-grade fiber-optic com-
ponents, which enable both low cost and high reliability. Multiple
combs with arbitrarily different repetition rates can be simul-
taneously stabilized to a single fiber delay line, and as a representa-
tive example, an octave-spanning ultrastable dual-comb source is
demonstrated. Currently, the dominant source limiting the perfor-
mance is temperature-dependent drift of the fiber link, and this limita-
tion may be substantially improved by using lower-temperature
coefficient fiber links (28, 29). Although erbium fiber combs are
used in this demonstration, any kind of comb source, including
microresonator-based combs (30), can be stabilized as well. By
selecting the right fiber, other spectral ranges from visible to mid-
infrared can be effectively covered as well. Because of the alignment-
free nature, the demonstrated method is particularly useful for
many emerging field applications of stabilized combs such as
microwave synthesizers (6, 7), photonics-based radar (11), dual-
comb spectroscopy (4, 5, 25-26), accurate dispersion measurement
of microresonators (31), timing of ultrafast x-ray and electron
science facilities (9, 10), space-borne instruments (32), and many
more to come in the future.
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MATERIALS AND METHODS

Optical frequency comb sources

Two commercial erbium fiber mode-locked laser-based optical fre-
quency comb sources are used for the demonstration experiment.
Comb-A (used for Figs. 2 to 4 data) is a nonlinear amplifying loop
mirror-based erbium fiber laser frequency comb (FC1500-250-ULN,
Menlo Systems GmbH). Comb-B (used for Fig. 4 data) is a non-
linear polarization rotation-based erbium fiber laser frequency comb
(FC1500, Menlo Systems GmbH). The fundamental repetition rate
of both combs is ~250 MHz. The free-running repetition-rate (frep)
phase noise (scaled to a 10-GHz carrier frequency) of comb-A and
comb-B is measured to be —110 and —95 dBc/Hz, respectively, at a
1-kHz offset frequency. The integrated timing jitters of the free-
running combs are 175 as (1.2 fs) and 389 as (7 fs) for comb-A and
comb-B, respectively, when integrated from 10 kHz (1 kHz) to
1 MHz offset frequency. The f.., of comb-A is stabilized by home-
built electronics with >100 kHz locking bandwidth using an intra-
cavity electro-optic modulator (EOM). The f.e, of comb-B is stabilized
by built-in electronics with locking bandwidth of >10 kHz using
pump current modulation. The self-referenced f.., stabilization
performance for comb-A (comb-B) includes 6 x 107'% (6 x 1071
frequency instability over 1 s and 100 mrad (2.5 rad) phase noise
integrated from 1 Hz to 1 MHz. The free-running timing jitter and
stabilized f.eo PSD measurement results for comb-A and comb-B
are presented in fig. S1.

Fiber reference systems
The fiber reference system in this work is based on a fiber Michelson
interferometer with along (~1 km) delay arm. The delay arm length
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is chosen to be ~1 km in this work by considering the trade-off
between the achievable detection sensitivity and stability (which
scales with the delay 1) and the achievable locking bandwidth
(which scales with the inverse of the delay 1/1). A tapping average
optical power of >500 uW from the comb sources is enough for the
stabilization. The 1-nm bandwidth fiber Bragg gratings (FBGs)
centered at 1540 and 1560 nm are used as the OBPF (in Fig. 1) for
comb-A and comb-B, respectively. Note that instead of FBG,
narrow bandwidth wavelength-division multiplexing (WDM) fiber
couplers also worked well. The filtered comb signal is amplified by
an erbium-doped fiber amplifier (EDFA) up to ~10 to 20 mW. Note
that, if the optical power is more than 30 mW, then nonlinear power-
dependent intensity noise degrades the sensitivity of the system, as
also reported in (33). This filtered and amplified signal is applied to
the Michelson interferometer. A compact fiber delay line is manu-
factured by the fiber-optic gyroscope coil winding method.

An in-line AOFS (AMF-50-1550-2FP, Brimrose Inc.) is inserted
in the long fiber delay arm and modulated by a 50-MHz source for
synchronous detection. The interferometer output is split by colors
using FBG or WDM. The filtered power is 1 to 2 mW and sent to a
photodetector. The photodetected 100-MHz signal (twice the AOFS
driving frequency) is filtered by a 100-MHz RF bandpass filter
(24-MHz bandwidth) and amplified by a 40-dB RF amplifier.
The 100-MHz signal is then down-converted to the baseband
by mixing with a frequency-doubled AOFS driving signal. The
baseband mixer output is low-pass—filtered and applied to the
EOM and/or the piezoelectric transducer (PZT) in a mode-locked
oscillator cavity.

For comb-A, an intracavity EOM is used, and the locking band-
width of the stabilization is ~80 kHz, mainly limited by the 1/t
frequency. For comb-B, an intracavity PZT and EOM are used, and
the locking bandwidth is ~20 kHz, mainly limited by the EOM. The
resulting stability and noise performance are greatly improved by
better shielding against acoustic noise. A low-vacuum (~20 torr)
environment was enough to suppress most of the acoustic noise
coupled to the fiber delay line (see fig. S7). To avoid heat problems,
the AOFS and motorized delay stage (in the long delay arm) are
located outside the vacuum box without tight packaging. Although
most of the acoustic noise (from the air) is removed by a low-vacuum
shielding, the vibration noise coming from the bottom of the setup
still affects the residual phase/frequency noise in the range of 20 to
200 Hz (as shown in Figs. 2, A and B, and 3). More detailed dis-
cussion on the vibration noise issues and a potential way to suppress
the noise coupling are presented in the Supplementary Materials.
Opverall, we believe that optimization of the packaging setup may
further improve the noise performance.

Frequency noise calibration method

The baseband signal from the mixer output is the frequency noise of
the comb line multiplied by the delay time t. The baseband signal is
applied to the oscilloscope, fast Fourier transform (FFT) spectrum
analyzer, and RF spectrum analyzer. The transfer function is written
as T(f) = Vpx |(1-e7 2% /(i x f)], where V is half of the measured
peak-to-peak voltage of the low-pass—filtered mixer output, fis the
offset frequency, and 1 is the delay time induced by the fiber link. If
the Fourier frequency is much lower than 1/1, then the transfer
function (i.e., detection sensitivity) can be written as 2nftVpi. The
comb-line frequency noise is measured at the optical frequency
(e.g., 194.67 THz corresponding to 1540 nm).
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Out-of-loop comb-line frequency noise

measurement method

The out-of-loop optical frequency and phase noise performance of
the stabilized combs are characterized by a second interferometer
with the same (~1 km) fiber delay line. Figure S2 shows a schematic
diagram of the measurement setup. For effective pulse overlap, a 330-ps
motorized delay line (MDL-330-FC/APC, General Photonics) is
inserted in the out-of-loop fiber Michelson interferometer.

Absolute linewidth measurement method

To characterize the linewidth of the stabilized frequency comb, a
1550-nm CW fiber laser (ETH-20-1550.12-2-PZ10B-TT20-SL130,
Orbits Lightwave Inc.), which is frequency locked to a 1-km-long
fiber delay line, is used [similar way as shown in (13)]. The frequency
instability of the fiber delay line-locked CW laser is 10™** level over
1 s. The frequency noise PSD is shown in fig. S4, and the projected
linewidth of the CW laser is ~26 Hz. The absolute linewidth of the
stabilized combs is measured by an FFT analyzer with a 7.8125-Hz
resolution bandwidth (RBW).

Dual-comb source experiment

Comb-A (filtered at 1540 nm) and comb-B (filtered at 1560 nm) are
simultaneously locked to the 1-km-long fiber delay line. The optical
spectrum (Av) covered by dual-comb sources can be written as
Av = frepz/ZAfrep, where Af;.;, is the repetition rate frequency difference
between two combs and f, is the repetition rate (5). In this experi-
ment, to cover more than a 150-THz optical span, a 180-Hz repetition
rate difference is selected. To achieve a small repetition rate differ-
ence (180 Hz in this work), dispersion compensation or group delay
compensation between two spectral ranges is necessary. In this
experiment, a spool of 100-m-long dispersion compensating fiber
(LLWBDK, OFS) is used to compensate dispersion between 1540 and
1560 nm for the 1.23-km-long fiber spool. As the two combs have
different free-running repetition-rate phase noise and achievable
locking bandwidths due to different actuator performance, the sta-
bilized phase noise PSDs are also different, as shown in fig. S5. As
expected, comb-A has 10-dB lower phase noise than comb-B above
1-kHz offset frequency. The stabilized comb-A and comb-B are
coupled by a 3-dB optical coupler (OC). The coupled signal is filtered
by a 1-nm full width at half maximum OBPF at 1550 nm and photo-
detected. The photodetected signal is analyzed by a high-resolution
oscilloscope (RT02044, Rohde Schwarz). The sampling rate is 100 MHz,
and the acquisition time is 100 ms. The RF spectrum shown in Fig. 4B
is a Fourier-transformed interferogram by MATLAB. Since the repe-
tition rates of the two combs are different, it is difficult to directly
measure the relative linewidth of the two combs due to insufficient
comb-line power (typically, the average power of each comb line is
less than a microwatt). As an indirect evaluation method, the rela-
tive linewidth of the comb and CW laser is measured by locking
both the comb and CW laser to the same fiber stabilization system
(see fig. S6). The relative linewidth of the stabilized combs is mea-
sured by an FFT analyzer with a 244-mHz RBW.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/13/eaax4457/DC1

Section S1. Optical frequency comb sources

Section S2. Out-of-loop comb-line frequency noise measurement method

Section S3. Absolute linewidth measurement method

Section S4. Dual-comb source experiment
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Section S5. Impact of acoustic noise, vibrations, and temperature fluctuations on the fiber
delay line-based stabilization system

Fig. S1. Free-running fiep phase noise PSD and locked fce, noise PSD of comb-A and comb-B.
Fig. S2. Experimental setup for out-of-loop optical phase noise measurement.

Fig. S3. Measured in-loop and out-of-loop optical phase noise of the fiber delay
line-stabilized comb.

Fig. S4. Linewidth measurement at 1550 nm.

Fig. S5. Optical phase noise of the fiber delay line-stabilized dual-comb source.

Fig. S6. Relative linewidth measurement experiment between the comb and CW laser.

Fig. S7. Impact of acoustic shielding on the measured out-of-loop optical phase noise PSDs.
Fig. S8. Vibration sensitivity measurement.

Fig. S9. Comparison between the measured frequency noise PSDs (black) and the estimated
frequency noise PSDs computed from the measured vibration PSDs (red).

Fig. S10. Frequency noise and vibration sensitivity reduction by a spring-mass mount.
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