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Silica microcombs have a high potential for generating tens
of gigahertz of optical pulse trains with ultralow timing jitter,
which is highly suitable for higher speed and higher bandwidth
information systems. So far, the accurate characterization
of timing jitter in microcombs has been limited by the mea-
surement methods—although theoretically predicted to be
>20dB better performance, the true performance has not been
accurately measured until now. Here, using a self-heterodyne-
based measurement method with 20 zs/Hz1/2 resolution, we
show that 2.6-fs rms timing jitter is possible for 22-GHz silica
microcombs. We identified their origins, which suggests that
silica microcombs may achieve 200-as-level jitter by better
intensity noise control. This jitter performance can greatly
benefit many high-speed and high-bandwidth applications
including analog-to-digital conversion, microwave generation,
and optical communications. © 2020 Optical Society of America
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Microresonator-based Kerr optical frequency combs (micro-
combs) [1,2] have evolved to be a very powerful light source for
generating soliton optical pulse trains from compact and inte-
grated platforms. There has recently been remarkable progress in
implementation platforms [2–5] and applications [6–9]. Timing
jitter, i.e., fast timing fluctuations of optical pulses from perfectly
periodic temporal positions, is one of the most important perform-
ance measures of periodic signal generators such as microcombs. It
also corresponds to the integrated phase noise in the repetition rate
of optical frequency combs. Low-jitter optical frequency combs
can be used for various applications including low-phase-noise
microwave generation [10,11], synchronization of ultrafast X-ray
science experiments [12,13], ranging and distance metrology
[14,15], and clocks for high-performance data converters [16,17],
telecommunications [18], and clock distribution networks [19].
Although mode-locked laser-based optical frequency combs can
generate subfemtosecond-jitter optical pulse trains [20–22], their
repetition rates have been so far limited to the subgigahertz range.

For higher-speed and higher-bandwidth telecommunications
and signal processing applications, repetition-rates of >10 GHz
are highly desirable. Since microcombs can provide such high

repetition rates ranging from∼10 GHz up to∼1 THz, there have
been research efforts for characterizing timing jitter (phase noise in
repetition rate) of various microcombs, including silica [23–26],
silicon nitride [27–29], and crystalline MgF2 [30,31] microcombs.

Among different material platforms, silica microcombs [7,23–
26] have many advantages for telecommunication and signal
processing applications. Their typical repetition rates are in the
tens of gigahertz range, which is highly suitable for analog-to-
digital conversion [17], microwave generation [10,11], clock
distribution networks [19], and 5G communications working in
the 24–47 GHz range [32]. Further, silica microresonators can
achieve an ultrahigh Q-factor, 8.75× 108 [33], which can be
fabricated as a fully integrated system using CMOS-compatible
processes [34] with low pumping power proportional to 1/Q2

[35]. So far, the accurate characterization and optimization of
timing jitter in microcombs have been limited by the measurement
methods [23–26,28–31]. The best repetition-rate phase noise
measured at 1-MHz offset frequency was limited to−152 dBc/Hz
at 15-GHz carrier frequency (i.e., 1.6× 10−37 s2/Hz) [26], even
though the theoretical predictions [28,36] have shown that it can
achieve more than 20 dB better performance.

In this Letter, we characterize the low timing jitter of a 22-GHz
soliton pulse train generated from a silica microcomb using a high-
resolution fiber delay line-based self-heterodyne method [37,38].
The timing jitter power spectral density (PSD) at 1 MHz offset
frequency is 7.3× 10−40 s2/Hz, with integrated rms timing jitter
of 2.6 fs (integration bandwidth, 10 kHz–3 MHz). The measured
timing jitter at 1-MHz offset frequency corresponds to ∼23 dB
lower than the previous state of the art [26], which was limited
by the measurement resolution, and our result elucidates the true
timing performance of the microcombs for the first time (see Fig.
S1 of Supplement 1 for comparison with previous state-of-the-art
performances of microcombs).

The soliton generation setup and measured characteristics are
summarized in Fig. 1. A silica wedge resonator having a thickness
of 8.2 µm, a diameter of 3 mm, and a wedge angle of 23◦ was
fabricated through semiconductor processing [33]. The intrinsic
Q-factor of the resonator was 106 million. Fine tuning of the
wedge angle and diameter was performed to achieve anomalous

2334-2536/20/091108-04 Journal © 2020Optical Society of America

https://orcid.org/0000-0001-5979-5774
mailto:hansuek@kaist.ac.kr
mailto:jungwon.kim@kaist.ac.kr
https://doi.org/10.1364/OA_License_v1
https://doi.org/10.1364/OPTICA.390944
https://doi.org/10.6084/m9.figshare.12722507
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.390944&amp;domain=pdf&amp;date_stamp=2020-08-27


Letter Vol. 7, No. 9 / September 2020 / Optica 1109

dispersion and minimization of mode crossing [25,39]. The mea-
sured dispersion is shown in Fig. 1(b), where the convex down
profile indicates anomalous dispersion with 16.5 kHz at 1550 nm.

The soliton generation was achieved by the power-kicking
method and active-capture technique [40,41] [Fig. 1(a)]. A fiber
laser with narrow linewidth was used as a pump source. The
acousto-optic modulator with fast rise time was used for fast power
modulation within a few microseconds. The servo box feeds its
output to the piezoelectric transducer (PZT) in the pump laser
to lock and stabilize the soliton mode. The soliton pulse was
generated with the pump power of 40 mW coupled to the silica
resonator through a tapered fiber. The optical spectrum with the
squared hyperbolic secant envelope is shown in Fig. 1(c), which
also displays the spurs associated with the mode crossing. From
the envelope, the transform-limited full width at half-maximum
(FWHM) pulse width is ∼290 fs. The intensity autocorrelation
result [Fig. 1(d)] shows ∼344 fs FWHM pulse width when fitted
by sech2 shape. The measured RF spectra in Fig. 1(e) show a single
narrow peak at the fundamental repetition rate of 21.96 GHz with
a high signal-to-noise ratio.

Timing jitter of the silica microcomb is characterized by a
fiber delay-line-based self-heterodyne method [27,38] (Fig. 2).
There are two main advantages to using this method. First, it is a
reference-source-free method: it does not require another phase-
locked, lower-noise reference oscillator with the same repetition
rate for jitter characterization. Second, subfemtosecond-resolution
timing jitter characterization of a free-running optical frequency
comb is possible without any feedback signal to the comb under
test. This is a useful property for characterizing microcombs
since, unlike mode-locked lasers, many types of microcombs are

Fig. 1. Schematic of the soliton generation and characteristics of the
silica resonator. (a) Schematic of the soliton generation from a silica-based
microcomb. EDFA, erbium-doped fiber amplifier; AOM, acousto-optic
modulator; NF, notch filter; OC, optical coupler; (b) measured dispersion
of the mode for soliton generation; ωµ, resonant frequency in radians per
secondwith respect to micrometer, the relative mode number with respect
to pump; ω0, pump frequency in radians per second; D1, free spectral
range (FSR) in radians per second; (c) measured optical spectrum and
squared hyperbolic secant envelope (red solid curve); (d) measured inten-
sity autocorrelation (black dots) and its sech2 fitting (red curve); (e) RF
spectra of the generated soliton pulse train; RBW, resolution bandwidth.

not equipped with separate and efficient mechanical actuators
(such as PZTs) dedicated to repetition-rate tuning. For the silica
microcomb characterized in this work, jitter characterization
without disturbing the comb operation is particularly desirable
because a continuous feedback control to the pump is required for
maintaining soliton operation [see Fig. 1(a)].

Figure 2 shows the schematic of timing jitter characteri-
zation. A more complete description of the method itself can
be found in Ref. [38]; here, we briefly summarize its opera-
tion principle and the modifications that we have made for
characterizing microcombs. Each comb line is written as
fk = kfrep + fceo(k= 1, 2, 3, . . .), where frep is the repetition
rate and fceo is the carrier-envelope-offset frequency. Two fre-
quency modes (fn and fm) are used to extract the phase noise in
repetition rate only (i.e., (m − n)frep) by subtracting the common-
mode fceo noise in the comb line. In the experiment, 1540 nm
(fm = 194.81 THz) and 1560 nm (fn = 192.31 THz) with 2-
nm FWHM bandwidth are filtered by fiber Bragg gratings. A
Mach–Zehnder interferometer with a long fiber delay line (60-m
long, equivalent to time delay of τ = 300 ns) in one arm is used
for enhancing the timing detection sensitivity, which is propor-
tional to the delay time. The delay line is implemented by using a
60-m-long fiber PZT stretcher. Since two frequency modes have
different group velocities in the fiber, a delay control unit (DCU) is
implemented in the fiber delay line for concurrent interference at
the interferometer output [38]. An acousto-optic frequency shifter
(AOFS) is also inserted in the fiber delay line to avoid unwanted
background noise in the baseband by synchronous detection.
The interferometer output then contains the frequency noise
of each frequency mode weighted by the delay time (τ ) in the
form of the phase noise at faom, as δ[τ(nfrep + fceo + faom)] and
δ[τ(mfrep + fceo + faom)]. Note that both fm and fn components
traveling through the delay line are modulated by faom and that is
why it can appear in both terms. While longer delay time ensures
better sensitivity, there is a trade-off with the measurement band-
width (that scales with 1/τ ). In this work, a 60-m long delay is
selected to ensure both high sensitivity (20 zs/Hz1/2) and broad
jitter analysis bandwidth (3.3 MHz). The photodetected signal of
each mode is filtered at faom and mixed by an RF mixer to reject the
common-mode fceo noise. This downconverted RF mixer output
contains the repetition-rate phase noise or timing jitter as a form of
δ[τ(m− n)frep].

The final step is to analyze the baseband noise, and the delay
should be locked to the comb under test to prevent the frequency

Fig. 2. Schematic of timing jitter characterization using a fiber delay
line and RIN measurement. RIN, relative intensity noise; OC, optical
coupler; FBG, fiber Bragg grating; EDFA, erbium-doped fiber amplifier;
AOFS, acousto-optic frequency shifter; DCU, delay control unit; WDM,
wavelength division multiplexing coupler; AMP, RF amplifier; BPF,
bandpass filter; PD, photodetector.
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drift during the measurement. For this, we apply δ[τ(m− n)frep]

signal to the PZT stretcher in the fiber delay line, forming a delay-
locked loop (DLL). It is important to keep the locking bandwidth
as low as possible to ensure broadband characterization because
the free-running comb jitter can be analyzed only outside the
DLL locking bandwidth. In this work, we used a 300 Hz locking
bandwidth. As a result, the jitter PSD from 300 Hz to 3.3 MHz
could be measured. The measured voltage PSD is converted to the
frequency noise by the transfer function T(f)

T( f )=Vpk
|1− e−i2π f τ

|

|i × f |
(V/Hz), (1)

where Vpk is half of the peak-to-peak voltage from the mixer output
and τ is the delay time. This frequency noise is converted to the
equivalent timing jitter or repetition-rate phase noise.

In addition to the jitter measurement, the relative intensity
noise (RIN) is also characterized. To measure RIN, 1 mW opti-
cal power is tapped off. The RIN measurement is not limited by
thermal noise (−173 dB/Hz) and shot noise ((−157 dB/Hz)) of
the photodetector, which are much lower than the measured RIN
levels [Fig. 3(a)].

Curve (i) of Fig. 3(b) shows the measured timing jitter PSD
result both in s2/Hz and dBc/Hz (at 22-GHz carrier) units.
The measurement background noise is 20 zs/Hz1/2 (4×

Fig. 3. Measured RIN and timing jitter (i.e., frep phase noise).
(a) Measured RIN of the soliton [curve (i)] and the pump [curve (ii)];
(b) measured timing jitter [curve (i)], projected timing jitter from soliton
RIN [curve (ii)], and computed quantum limit of timing jitter using
comb parameters [curve (iii)]. Integrated rms timing jitter of curves
(i)–(iii) are curves (iv)–(vi), respectively; (c) measured timing jitter PSDs
depending on the cavity detuning.

10−40 s2/Hz), which limits the jitter measurement for
>1.5 MHz offset frequency range. The measured timing jitter
PSDs at 10 kHz, 100 kHz, and 1 MHz offset frequencies are
6.8× 10−34 s2/Hz, 3.6× 10−37 s2/Hz, 7.3× 10−40 s2/Hz,
respectively. The rms timing jitter is 2.6 fs when integrated from
10 kHz to 3 MHz offset frequency, where >10 kHz offset fre-
quency is the typically used integration range for quoting timing
jitter for telecommunication and signal processing applications
[42]. Note that this jitter performance was obtained by finding the
optimal operation condition (quiet point [24,32]) by changing
the cavity detuning. As shown in Fig. 3(c), finding the right cavity
detuning could effectively reduce the timing jitter below 10 kHz
offset frequency.

One of the well-known limiting factors for timing jitter in
microcombs is the intensity noise-coupled jitter, since the soliton
generation via four-wave mixing is highly affected by the intensity
noise. The intensity noise-coupled phase noise (timing jitter) scales
as a form of Lφ(f)=C× SI (f )/f 2, where C is the fitting coeffi-
cient and SI (f) is the RIN. The pump RIN can be coupled to the
timing jitter via cavity detuning [23]. On the other hand, soliton
RIN can be also coupled to the timing jitter via intracavity non-
linearity such as the self-steepening effect [43–45]. In this work,
by accurately measuring both pump RIN and soliton output RIN
spectra [Fig. 3(a)] and comparing the projected RIN-originated jit-
ter PSDs with the measured jitter PSD (see Fig. S2 of Supplement
1), we could observe that the projected soliton RIN-coupled jit-
ter [curve (ii) in Fig. 3(b)] fits fairly well with the measured jitter
[curve (i) in Fig. 3(b)] for the 1 kHz–1 MHz offset frequency range
(within∼3 dB for most of the range, with the maximum deviation
of∼6 dB in the 10 kHz–20 kHz range). Note that we also exper-
imentally confirmed that the amplitude-to-timing conversion in
the jitter measurement setup is extremely low, and the soliton RIN
itself does not influence the accuracy of jitter measurement (see Fig.
S3 of Supplement 1). Further theoretical and experimental study
on this soliton RIN-coupled jitter will be necessary as a future
work.

We also compared the measured jitter with the computed quan-
tum limit in single sideband (SSB) phase noise PSD [28,36]:

Lφ( f )=

√
2π

2

√
γ

10(−D)
g
ηγ 2

×

[
1

96

γ (−D)
10

ηγ 2

f 2
+

1

24

(
1+

π2 f 2

γ 2

)−1
ηγ 2

π 2 f 2

10(−D)
γ

]
,

(2)

where 2γ (= 1.2× 107 rad/s) is the FWHM resonance linewidth,
10(= 4.4× 107 rad/s) is the measured optical detuning [36,46],
g (= 1.6× 10−3 rad/s) is the frequency shift of a resonant mode
per photon [36], D(=−0.017) is the normalized group veloc-
ity dispersion [36], and η(= 1) is the quantum efficiency of the
detector. Note that the shot-noise term is removed from Eq. 68 of
Ref. [36] because our measurement is not limited by the shot noise
of photodetection. The measurement result [curve (i)] closely
approaches the theoretical prediction of the quantum limit [curve
(iii)] in the 300 kHz–1 MHz range.

In summary, we have shown 2.6-fs rms timing jitter [10 kHz–
3 MHz] of the 22-GHz silica microcomb, which shows the true
timing performance of microcombs not limited by the mea-
surement resolution. In particular, on-chip silica microcombs
can achieve ultralow timing jitter from an integrated photonic
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platform, which shows its high potential for on-chip microwave
photonic applications. The demonstrated jitter performance can
already overcome today’s jitter limitations in high-speed signal
processing: for example, 2.6-fs aperture jitter at 22-GHz corre-
sponds to 12 effective-number-of-bit (ENOB) resolution for
analog-to-digital conversion of 11-GHz bandwidth signal, where
the current state of the art is 7 ENOB [47]. Our measurement
result suggests that suppressing intensity noise will be an effective
way to further reduce timing jitter of microcombs. As anticipated
from the results shown in Fig. 3(b), by fully suppressing inten-
sity noise-coupled jitter, a free-running silica microcomb may
potentially achieve 200-as-level timing jitter over a 0.1-ms time
scale.
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