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Microresonator frequency combs (microcombs)
hold potential for precision metrology in a com-
pact form factor in applications such as point-of-
care diagnostics, environmental monitoring, time-
keeping, and navigation. Through the principle
of self-injection locking, electrically-driven pho-
tonic chip-based microcombs with low complexity
are now possible. Yet, phase-stabilization of such
self-injection locked microcombs, a crucial prop-
erty of metrological frequency combs, has been
unattained. Here, addressing this critical need,
we demonstrate full phase-stabilization of a self-
injection locked microcomb. The microresonator
is implemented in a silicon nitride photonic chip
and by controlling a pump laser diode and a mi-
croheater with low voltage signals (sub 1.5 V),
we achieve independent actuators for the comb’s
offset and line spacing frequencies. Both actua-
tors reach a bandwidth of over 100 kHz and per-
mit phase-locking to external frequency references.
This establishes compact, electrically-driven pho-
tonic chip-based microcombs as scalable sources
with low complexity for coherent precision metrol-
ogy in emerging applications.

Optical frequency combs provide large sets of laser lines
that are equidistant in optical frequency and mutually
phase-coherent [1-3]. Owing to this property, they have
enabled some of the most precise measurements in physics
and are pivotal to a vast range of emerging applications
from molecular sensing to geo-navigation. Now, frequency
combs based on high-@Q nonlinear optical microresonators
(microcombs) [4, 5] can be fabricated in complementary
metal-oxide-semiconductor (CMOS) compatible, [6, 7],
low-cost, scalable wafer-scale processes, and promise to
bring frequency comb technology into wide-spread appli-
cation beyond optics laboratories [8-10]. In microcombs a
continuous-wave (CW) driving laser with frequency v, is
converted via nonlinear optical processes into a series of
comb lines that are mutually spaced by the comb’s rep-
etition rate frep, so that v, = v, + pfrep, describes the
frequencies v, in the comb (u = 0,41, .. is a mode index
relative to the pump; see Fig. 1c). For many comb-based

precision measurements, it is crucial to independently con-
trol the comb’s defining parameters, here v, and frep, on a
level that permits full phase control, i.e. phase-locking of
vp and frep to external frequency references. For instance,
this is important for environmental monitoring, medical
diagnostics, geo-navigation, searches for exo-planets, and
other emerging applications that rely on phase-coherent
links between electromagnetic waves.

A major advancement in microcombs came through the
principle of self-injection locking (SIL) [11-13], which en-
abled electrically-driven integrated comb generators with
drastically reduced operational complexity [14, 15] and
additional chip-level integration [16-20]. Instead of a
low-noise table-top pump laser, SIL leverages a narrow
linewidth injection feedback from the high-Q microres-
onator to a chip-scale semiconductor pump laser. The SIL
mechanism leads to a low-noise pump laser and elegantly
ensures that the laser is intrinsically tuned to the resonator
for comb generation. Although extremely attractive, the
simplicity and compactness of SIL-based combs entails a
critical flaw with regard to controlling v, and frcp. In con-
trast to previous table-top systems that utilized the driv-
ing laser frequency and the driving laser power (heating
of the resonator) as independent actuators to stabilize v
and frep [21], these parameters are not independent in SIL-
based systems (both depend on the laser pump current).
Moreover, in a SIL-based system, there exists a feedback
from the resonator to the driving laser frequency that is
absent in previous demonstrations, resulting in non-trivial
dynamics [20]. Until now, only the stabilization of one de-
gree of freedom (frep) has been demonstrated [22]. The
lack of full-phase stabilization represents a serious short-
coming of SIL microcombs.

Here, we demonstrate a fully phase-stabilized chip-scale
electrically-driven microcomb. The comb is based on the
SIL principle and benefits from synthetically generated
back-reflection for deterministic and robust SIL opera-
tion [23]. In addition to the laser pump current, we uti-
lize an integrated electric microheater as a second inde-
pendent actuator. Both actuators achieve effective lock-
ing bandwidth of more than 100kHz and permit robust
phase-locking of v, and fycp. Importantly, unlike alterna-
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Figure 1 | Phase-stabilized electrically-driven microcomb. a, Synthetic-reflection self-injection-locked (SIL) microcombs are
turn-key optical frequency comb sources. The combined actuation of the laser diode current I, and the current I, of a microheater
controlling the microring temperature enables full-phase stabilization of the microcomb with low CMOS-compatible voltages, all within
a millimeter-scale platform. b, Micrograph of the SIL microcomb source comprised of a DFB laser diode (left) butt-coupled to a
SisN4 microresonator (right). A metallic microheating element embedded in the SiO, cladding is routed above the microring. d, c,
The optical spectrum of a continuous-wave driven microcomb is comprised of equidistant lines v, spaced by the comb’s repetition
rate frep and centered on the pump frequency v,,. Full phase stabilization of the microcomb entails locking both degrees of freedom
to an external reference, which corresponds in the time domain, to a pulse train with a stabilized period 7 = 1/ fiep and optical carrier

frequency.

tive high-voltage piezo-electric or electro-optic actuators,
our system requires for operation only low voltages be-
low 1.5 V (CMOS-compatible). Thus, our approach aligns
with critical requirements of chip-integrated technologies.

Setup

The experimental setup for stabilization of the SIL micro-
comb is shown in Fig. 2a. In our work, the SIL micro-
comb source is based on dissipative Kerr-solitons (DKS)
[5, 8, 24] in a continuous-wave (CW) laser-driven photonic-
chip integrated silicon nitride ring with nano-corrugated
side-walls (photonic crystal ring resonator, PhCR) [23, 25—
27]. The microresonator is characterized by a free spectral
range of 300 GHz, anomalous group velocity dispersion,
and a high quality factor Q ~ 1.5 x 10° (see Methods for
more details). An integrated metallic microheater is em-
bedded in the silica cladding, 1.7 pym above the resonator
waveguide. The photonic chip is butt-coupled to a semi-
conductor distributed feedback (DFB) CW laser diode
delivering approximately 25 mW of on-chip optical pump
power at 1557 nm. Our system leverages a recently demon-
strated synthetic reflection technique [23], where the nano-
patterned corrugation of the PhCR generates tailored op-
tical feedback for robust self-injection locking of the driv-
ing laser diode, also forcing exclusive and deterministic
single-soliton operation [25]. Importantly, synthetic reflec-
tion can substantially extend the range of pump frequency-
to-resonance detuning accessible via SIL, resulting in an
increased overlap between the SIL operation and the DKS
existence ranges. This is beneficial for phase-coherent sta-
bilization of self-injection-locked microcombs as it allows

for a large actuation range of the driving laser frequency
while remaining in SIL operation [23].

The generated microcomb is outcoupled from the chip
through a cleaved ultra-high numerical aperture (UHNA-
7) optical fiber using index-matching gel to minimize un-
wanted back-scattering at the chip facet. Once the tem-
perature and injection phase are appropriately adjusted
(the DFB laser and microresonator dies are actively and
independently temperature-stabilized), the system deter-
ministically enters single-DKS operation when the laser
diode current is set to a predetermined setpoint ~180 mA
(~1.42V). Fig. 2c shows the resulting microcomb spec-
trum, with a FWHM of 1.44 THz and a total power of
10mW.

In SIL DKS operation, the DFB laser’s emission fre-
quency v, (the central comb line of the microcomb) can
be tuned by adjusting the current around the setpoint with
a sensitivity of 27 MHzmA ™!, which also affects the DKS
repetition rate by 160kHzmA ™!, A second degree of free-
dom is provided by the resonator’s microheater, which we
operate at a current bias of 3mA (105mV). Remarkably,
this corresponds to a power consumption of only 315 pW.
Via the microheater, the microcomb’s repetition rate fiop
can be tuned with a sensitivity of ~400 kHzmA ~!. As the
laser diode and the microresonator are coupled through
SIL, the microheater also induces a shift in the micro-
comb’s center frequency v, (pump line) with a sensitivity
of ~160MHzmA ™. The actuator sensitivities are sum-
marized in Table 1. As the corresponding control matrix
is diagonalizable with non-zero diagonal elements, the two
actuators enable independent control of both degrees of
freedom of the SIL microcomb (v, and frep).
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Figure 2 | Experimental setup. a, The microcomb source, a laser diode self-injection-locked to a PHCR operating in the DKS

regime, is stabilized via the actuation of the diode and heater currents.

OFC: reference optical frequency comb ESA; electronic

spectrum analyzer; EOM: electro-optic modulator; BP: bandpass filter; PD: photodetector; LD: laser diode; PhCR: photonic crystal
resonator; PID: proportional-integral-derivative controller. b, Frequency diagram, depicting the SIL microcomb (blue), the reference
1 GHz oscillator (red) and the electro-optic modulation comb (grey). The frequencies fv, fosf, and fo1, corresponding to the repetition
rate, offset, and out-of-loop beat notes, respectively, are extracted by the optical bandpass filters BP1-3 (green) as shown in the insets.
¢, Optical spectrum of self-injection-locked microcomb. The spectrum is well fitted by a sech? envelope with a FWHM of 1.44 THz.

To demonstrate phase-coherent stabilization as well as
to provide an out-of-loop validation, we utilize a conven-
tional optical frequency comb (OFC) as a reference, whose
repetition rate of 1 GHz is stabilized to the 10 MHz sig-
nal from a GPS disciplined Rb-clock. The error signal
for stabilization of v}, is generated by combining a frac-
tion of the microcomb light with that from the reference
OFC. An optical bandpass filter (BP2) is used to isolate
the beat note fog between the microcomb’s central line
and the closest line of the reference OFC (see Fig. 2b)
[21, 28]. To obtain the repetition rate error signal, we uti-
lize electro-optic phase-modulation (modulation frequency
fm =~ 17.5GHz) of the central comb line and detect the
beating fi, = frep — 17 X fm &~ 200 MHz between 17" mod-
ulation sideband and the first sideband of the microcomb
[29]. Both beat notes are then frequency-divided down to
approximately 10 MHz, and the error signals are extracted
through phase detection with respect to the 10 MHz ref-
erence oscillator (all microwave sources and recording de-
vices are also referenced to the 10 MHz signal from the Rb-
clock). The phase-lock loops (PLLs) are implemented us-
ing two proportional-integral-derivative (PID) controllers,
acting onto the SIL laser driving current and resonator mi-
croheater current for the offset and repetition rate stabi-

Sensitivity foft frep
I 27MHz/mA 160 kHz/mA
I 160 MHz/mA 400 kHz/mA

Table 1 | Actuator sensitivity. Sensitivity of the SIL micro-
comb’s offset frequency fos and repetition rate frep to the DFB
current I, and micro-heater current I1,. The values were measured
around the experiment setpoint of ~180mA and 3mA, respec-
tively.

lization, respectively. As follows from Table 1, alternative
configurations of the PLLs are possible, e.g., switching the
actuators or simultaneously using both actuators for both
degrees of freedom to diagonalize the control matrix.

Finally, an out-of-loop (OL) measurement of the micro-
comb’s phase-stability is obtained by recording the beat
note fo1 = 2 X frep + for —m x 1 GHz between the second
sideband of the microcomb and the m*™ sideband of the
reference oscillator. With contributions from both locks,
this is a key metric in evaluating the overall system per-
formance.

Experiments

The successive initiation of both PLLs is shown in Fig. 3a
where the spectrogram of the out-of-loop beat note is
presented. While the offset lock already significantly en-
hances the stability of the out-of-loop beat note (~1.75s),
residual fluctuations of the microcomb’s repetition rate
frep are only suppressed with the initiation of the repeti-
tion rate lock (~2.8s) resulting in a fully phase-stabilized
system. Thus, the independence of both high-bandwidth
actuators and the extended detuning range reliably ob-
tained through synthetic reflection enables robust phase
stabilization of the microcomb.

Next, we study the long-term stability of our source
in the fully phase-locked state by recording each second
the frequency counts of the out-of-loop beat note with a
gate time 7 = 1s (the counts are extracted from the sig-
nal’s quadratures, see Methods). The measured counts
are displayed in Fig. 3b and the corresponding histogram
is presented in Fig. 3c (standard deviation of 4.25Hz).
We also acquire analogous data for the offset and repeti-
tion rate in-loop beat note signals when the microcomb
is fully phase-locked. All three datasets are processed to
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Figure 3 | Full phase stabilization of the SIL microcomb. a, Spectrogram of the out-of-loop beat note f,1 showing the transition
from a free-running to a fully-locked state through the successive initiation of the offset and repetition rate locks. b, Time series
measurement of the out-of-loop frequency fon in the fully-locked state. The samples are acquired using a 1s gate time at a rate of
1Hz. ¢, Histogram of the values shown in b; well as Gaussian distribution with a standard deviation (std) of 4.3 Hz. d, Overlapping
Allan deviation of the out-of-loop signal (blue) and two in-loop signals (red - offset frequency, orange - microcomb repetition rate).
Exponential fits are shown as dashed lines and scale with the gate time 7 as 779823, 770:996 gnd 770990 yegpectively. The frequency

counter noise floor, 40 dB below the level of frep, is not shown. e, Phase noise (solid lines, left axis) of the out-of-loop beat note f,

in the free-running (orange), offset-locked (red) and fully-locked states (blue).

extract the overlapping Allan deviation (OAD) presented
in Fig. 3d (see Methods). The OAD of the in-loop signals
averages down with 77999 and 77999 while that of the
out-of-loop signal scales with 779823, The latter value dif-
fers from the 7! scaling expected from a phase-lock with
zero-phase fluctuation due to slow environmental fluctua-
tions (e.g., lab air conditioning); however, we emphasize
that the PLLs keep the phase fluctuation much smaller
than 7, hence providing a robust phase lock. The foot-
print of our system (sub-1mm? without electronics), as
well as its cost and complexity, are orders of magnitude
below previous phase-stabilized microcombs that relied on
table-top lasers, amplifiers, and high-voltage actuators.

The phase noise of the out-of-loop beat note in the free-
running, offset-locked, and fully-locked states is shown in
Fig. 3e. In the fully locked state, at frequencies below
1kHz, the OL phase noise is limited by the digital PLL
stabilizing the reference oscillator [30].

The closed-loop frequency response of the repetition
rate and offset phase-lock loops are shown in Fig. 4a and

b respectively (with the respective other degree of free-
dom unlocked). Notably, a bandwidth over 100kHz and
300 kHz respectively is achieved for the microheater-based
repetition rate actuator and the laser diode-based offset
actuator. The actuators allow for broadband noise sup-
pression, as can be observed from the SSB phase noise of
the repetition rate and offset signals (Fig. 4c and d) and
their corresponding beat notes (Fig. 4e and f). Notably,
despite cross-talk between the two PLLs, no significant
degradation of the locks is observed in the fully locked
state.

Conclusion

In conclusion, we demonstrate full phase-stabilization
of self-injection-locked microresonator frequency comb.
Based on a photonic-chip integrated microresonator, our
system does not employ electro- or acoustic-optic mecha-
nisms and relies solely on CMOS-compatible driving and
control voltages. Excluding electronics, the entire system
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is implemented in

The microcomb’s offset frequency is controlled using
DFB laser diode injection current, while on-chip metallic
heaters stabilize the repetition rate. Both actuators fea-
ture a bandwidth over 100 kHz and operate simultaneously
without noticeable detrimental effects from cross-coupling.
In conjunction with synthetic reflection self-injection lock-
ing, this configuration enables complete phase locking of
the microcomb’s defining parameters. These findings po-
sition self-injection locked microcombs as valuable assets
for coherent frequency metrology in portable and compact
systems.

Methods

Sample fabrication. The samples were fabricated com-
mercially by LIGENTEC SA using ultraviolet stepper optical
lithography. A microresonator ring radius of 75 um was cho-
sen, corresponding to a free-spectral range (FSR) of 300 GHz,
while a waveguide width of 1600 nm and a waveguide height
of 800nm provide anomalous group-velocity dispersion (dif-
ference between neighboring FSRs, D2 ~ 9MHz). Synthetic
feedback to the driving DFB diode laser is provided by a nano-
patterned corrugation with a peak-to-peak amplitude of 4 nm
and a period 27/(2mo), where mo = 550 is the azimuthal mode
number to which the pump diode is coupled, corresponding to
wavelength of ~1557 nm. The corrugation leads to a forward-
backward coupling rate v/(27) = 145MHz. For all modes,

including the pump mode, a high quality factor Q ~ 1.5 x 10°
is achieved.

Frequency stability measurements. To measure the
long-term stability of our microwave signals, we record the
beat note’s in-phase and quadrature (IQ) components using the
built-in IQ-analyzer of our electronic spectrum analyzer (Ro-
hde & Schwarz FSW26). The phase is then extracted from the
1Q data, from which the overlapping Allan deviation is com-
puted using the AllanTools python module implementing the
NIST standards [31]. Frequency counts are obtained by suit-
ably differentiating the extracted phase. Spectrograms, spec-
tra, and phase noises are similarly calculated from IQ data, al-
lowing for greater versatility and post-acquisition adjustment
of the resolution bandwidth, video bandwidth, and associated
windowing functions.
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