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Dissipative Kerr soliton frequency combs, when gener-
ated within coupled cavities, exhibit exceptional perfor-
mance concerning controlled initiation and power con-
version efficiency. Nevertheless, to fully exploit these
enhanced capabilities, it is necessary to maintain the
frequency comb in a low-noise state over an extended
duration. In this study, we demonstrate the control and
stabilization of super-efficient microcombs in a photonic
molecule. Our findings demonstrate that there is a di-
rect relation between the effective detuning and soliton
power, allowing the latter to be used as a set point in
a feedback control loop. Employing this method, we
achieve the stabilization of a highly efficient microcomb
indefinitely, paving the way for its practical deployment
in optical communications and dual-comb spectroscopy
applications.

https://doi.org/10.1364/0OL.514761

1. INTRODUCTION

Dissipative Kerr solitons (DKSs) in microresonators (micro-
combs) have shown a significant potential for diverse applica-
tions, including optical communications, metrology, and sensing,
while maintaining a small form factor [1-3]. These applications
are enabled through a suite of advantageous features, encom-
passing a broad optical bandwidth, high repetition rate, and
minimal power consumption [4, 5]. DKS microcombs can be
generated in microcavities pumped with continuous wave lasers,
wherein a delicate equilibrium is achieved through the interplay
of the Kerr nonlinear shift with the cavity dispersion, and para-
metric gain effectively compensating for the cavity losses [6].
Operating in the soliton regime leads to the emergence of
phase-locked evenly spaced lines, where the pump laser must be
far-red detuned with respect to the pump resonance [6, 7]. This
relative detuning governs the soliton formation and the number

of solitons circulating the cavity. A single soliton state leads to a
thermal self-lock [8] between the pump laser and the resonance
maintaining a coherent comb. To maintain a stable soliton state
it is critical to control the detuning parameter successfully. Pre-
vious works have explored different techniques for this purpose,
using Pound-Drever Hall locking [9], or via temperature control
using integrated microheaters [10], and monitoring the power
of the soliton [11]. The latter approach has been proven to be a
successful and simple technique as the power of the soliton has
a proportional relationship with the detuning in single cavities
[11-14].

Recent works explored new architectures to engineer dis-
persion profiles using, e.g., coupled cavities [15-17] or through
the periodic modulation in the geometry of resonators [18, 19],
which has resulted in new microcomb generation dynamics and
enhanced performance. In prior work, we presented the uti-
lization of an anomalous dispersion photonic molecule, where
two cavities of different sizes are employed to achieve selective
mode-splitting [20]. This arrangement, gives rise to two differ-
ent detuning parameters, effective pump detuning, meaning the
frequency distance between the pump laser and the shifted reso-
nance, and comb detuning, defined as the detuning experienced
by the other comb lines. By shifting the pump resonance, an
enhanced coupling with the pump laser is obtained, increasing
the power conversion efficiency of the microcomb.

In this letter, we conduct an experimental investigation into
the interplay between the soliton power and the effective detun-
ing in a super-efficient DKS generated in a photonic molecule.
We have observed a similar relationship in the comb detuning as
previously reported in single cavities. To assess the robustness of
this dependence, we have implemented a feedback control, sus-
taining a solitary soliton state for a 30-hour duration by employ-
ing the photodetected soliton power as the set point. Through
numerical simulations, we analyze the relation between comb
detuning and the soliton power in a coupled cavity and find
a scenario akin to that in a single cavity with a Kerr-shifted
resonance. Furthermore, the effective pump detuning is charac-
terized using a counter-propagation method where the soliton
power is used as a setpoint to change the bandwidth of the
frequency comb, resulting in a higher conversion efficiency.

In our study we use a photonic molecule composed of two
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Fig. 1. Super-efficient microcomb module. (a) Photonic
molecule packaged into a single module. (b) Measured cold
cavity dispersion (Djnt) of the main cavity. (c) Optical spec-
trum generated reaching 32 percent of conversion efficiency.

coupled cavities, main and auxiliary, fabricated in the Si3Ny plat-
form using a subtractive method [21-23]. Figure 1 (a) presents
the packaged module of the super-efficient photonic molecule.
The optical connections of the commercial packaging solution
consist of a fiber array followed by a spot-size converter that
is edged-coupled to the chip. The total throughput losses are
6.2 dB. The temperature of the chip is stabilized using a ther-
mistor and a thermoelectric cooler integrated into the module.
The packaging of the microring resonators allows for keeping
a constant throughput power which is an important parameter
for the microcomb generation and stabilization [24, 25]. The
free spectral range (FSR) of the main cavity and auxiliary cavity
corresponds to 99.73 GHz and 970 GHz. As a consequence of
the mismatch of the FSR’s, a Vernier effect occurs between the
longitudinal modes of the cavities, causing a strong avoided
mode crossing at a particular mode of the main cavity (see Fig. 1
(b)). This can be observed in the characterized dispersion of the
main cavity, where a frequency-calibrated swept-wavelength
interferometry method was used [26, 27] (see the measured pa-
rameters in Supplemental 1). The frequency comb generated
with the photonic molecule is shown in Figure 1 (c).

The experimental setup is depicted in Figure 2 (a), we
pumped the microresonator using an external-cavity diode laser
(ECDL) at 1563 nm with an on-chip power of 30 mW. The ini-
tiation process is similar to the one described in [20], where
the laser is tuned from blue towards red. The auxiliary cavity
resonance is then brought into proximity to the main cavity, re-
sulting in mode-splitting. This causes a further shift of the pump
resonance towards the red. After a single soliton is generated,
the optical power is reduced to 15 mW increasing the conver-
sion efficiency. The final spectrum of the comb covers a 20-dB
bandwidth of 75 nm with a conversion efficiency (defined as the
ratio between the comb power without the pump and the input
power) of around 36 percent.

The optical power of the super-efficient microcomb is tapped
off for monitoring and locking. Ten percent of the power is

(a) e
[FPea, e

O
cw Qoo
O

laser

(b)
S 0.304

o
2 0.281

0 O OO0
'\7« 0rL'\ (300 QQ’b QQ@) QQQ) ™

Tlmestamp

comb po!

—
(2]
-~

03:00
00:00
21:00
18:00
15:00
12:00
09:00
06:00
03:00

00:00
1555 1560 1565 1570
Wavelength [nm]

Timestamp

Fig. 2. Long-term stabilization of a super-efficient micro-
comb.(a) The setup consists of a feedback loop where the
soliton power (b) is measured using a photo-detector (PD)
and a band-pass filter (BPF). The photo-detected comb power
is used as a setpoint to lock the microcomb using a field-
programmable-gate-array (FPGA) (c) Soliton state was main-
tained over 30 hours by acting on the laser.

sent to a band-pass filter and a photo-detector. The photo-
detected soliton power is then used as a setpoint at the input
of a field-programmable gate array (FPGA) board where the
signal is processed and a correction signal is generated through
a proportional-integral-derivative (PID) control. This system
can be implemented with a correction signal applied to act ei-
ther on the main cavity resonance or in the voltage-controlled
piezo of the ECDL (see Fig. 2 (a)). The key aspect is the direct
relation between the soliton power and detuning. It is pertinent
to mention that our stabilization method is not intended to ma-
nipulate the two degrees of freedom of the comb. Rather, this
active locking method stabilizes the soliton power and enables
long-term operation while the lock is engaged.

The comb power is also monitored using an oscilloscope as
shown in Figure 2 (b), where the power remains constant until
the control is terminated. Another portion of the optical power
is used to monitor the microcomb spectrum using an optical
spectrum analyzer (OSA) and its repetition rate using electro-
optic down-conversion [28]. The optical spectrum was recorded
over the 30 hours the comb was running. As seen in Figure 2 (c)
the power of the comb lines remained constant over the whole
span.

We performed two experiments to test the robustness of this
feedback control. In the first, the feedback was acting on the
pump laser frequency, and in the second, it was acting on the
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Fig. 3. Characterization of the repetition rate and pump fre-
quencies. (a) Down-converted beat note of the repetition rate
of the microcomb when the correction signal is fed back into
the piezo control of the laser (left) and to the microheater of
the main cavity (right). The measured drift of the frequency of
the repetition rate (frep) is shown in blue and the pump laser
(fpump) in red when the microcomb is locked acting on either
the laser (b) and acting on the main cavity heater (c).

microheater of the main cavity. Figure 3 (a) shows the down-
converted beat notes of the repetition rate frequency. The drift
of the repetition rate frequency (frep) was recorded while the
microcomb was locked as shown in 3 (b). Simultaneously, the
frequency of the pump laser was measured by heterodyne de-
tection with a self-referenced frequency comb. The beat note
(foump) was recorded using an electrical spectrum analyzer with
a resolution bandwidth of 30 kHz. It is readily apparent that
the repetition rate frequency follows the frequency of the pump
laser, with standard deviations of O =5 kHz and T = 10
MHz, respectively. We attribute this effect to the coupling be-
tween the pulse rate and the third-order dispersion, which in
turn, causes the soliton to experience a different velocity as its
central frequency is changed.

We encounter a similar behavior when the microcomb is
locked using the cavity heater (Figure 3) (c), where Ofrep drifts
in a linear manner following the change in frequency of o¢ .
In this case, we make use of the thermo-optic effect in Si3Ny to
correct the spectral position of the pumped resonance [10, 29]
and maintain the soliton detuning. Since the frequency of the
pump laser is not corrected, the fpump beat has a significant drift
arising from the thermal cavity expansion of the ECDL triggered
by variations in the environmental conditions. An empty region
is observed around 150 MHz originating from f,ump beat note
leaving the measurement window (<250 MHz). Feeding back
the error signal to the laser results in a more stable comb than
when the error signal is applied to the cavity. We believe this is
because cavity drifts are less significant than the laser’s.

These two cases show that the coupling between the soli-
ton power and the relative cavity-pump detuning holds in a
photonic molecule configuration where a super-efficient soliton
is generated. Alternatively to long-term operation, our feed-

back control method can be utilized for tuning the microcomb
sustaining a low-noise state [30]. This can be achieved by in-
corporating a secondary feedback loop to adjust the auxiliary
resonance of the photonic molecule (further details provided in
the Supplemental document). Implementing the control of the
main and auxiliary resonance simultaneously would also enable
the correction of large drifts in the pump frequency.
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Fig. 4. Soliton power evolution as a function of the detuning.
(a) The schematic (left) shows the pump detuning dynamics
in a single cavity, where the laser is tuned further from (closer
to) the cold cavity (Kerr shifted resonance) causing a soliton
power increase (right). (b) In a photonic molecule, a mode-
splitting is present causing a shift from a centered resonance.
When the laser is tuned further from the unshifted resonance,
the soliton detuning increases, and the soliton power grows
with a similar trend as in the case of the single cavity.

To better understand our experimental findings, we per-
formed numerical simulations using an Ikeda map [16, 20]. In
the first study, a bright DKS was generated in a single cavity, and
recorded the out-coupled power as the detuning was increased.
This total comb power grows in a sublinear fashion as reported
in previous works [11, 13, 14]. The increase in the optical power
can be explained as sketched in Figure 4 (a), as the pump laser
is tuned further from the cold cavity resonance (increasing J.,),
it is at the same time getting closer to the Kerr shifted resonance,
which determines the soliton duration [14] and causes a more
efficient coupling between the laser and the resonance of the
cavity modulated by the soliton. In the second case, we simulate
the photonic molecule where a shift of the pump resonance is
caused by the coupling with an auxiliary cavity. Similarly, as the
pump laser is tuned further (see Figure 4 (b)), the soliton detun-
ing ., i.e. the detuning between the CW laser and the unshifted
resonance, the soliton power grows following the same trend as
in the single cavity DKS case.

This feedback method can also control the bandwidth of the
microcomb since the soliton duration on a resonator also de-
pends on the detuning [14]. We confirmed this relation by mea-
suring directly the laser cavity detuning using a counterpropa-
gating probe laser [31] (Fig. 5 (a)). In Figure 5 (b), a controlled
sweep of the detuning is depicted, by changing the operation set-
point (soliton power) the bandwidth is selectively controlled as
the detuning is changed. As shown in Figure 5 (c), when the fre-
quency separation between the laser and the shifted resonance
(6') is reduced, the pump power is coupled more efficiently caus-
ing an increase in the bandwidth (measured above -45 dB in
both cases) of the soliton.
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Fig. 5. Pump detuning measurements in a photonic molecule.
(a) The transmission power of a blue-detuned resonance was
measured using a counter-propagating method. (b) The de-
tuning is measured as the setpoint (soliton power) is tuned

to change the pump detuning ¢’ (c) The soliton bandwidth in-
creases as the pump couples more efficiently into the shifted
resonance. The black dashed line is the power threshold used
to determine the bandwidth in both cases.

In conclusion, we demonstrate the continuous and stable
operation of a super-efficient microcomb over more than one
day. We performed an extensive characterization of the lock-
ing mechanism using the same principle of operation but with
two different approaches, one where the fast fluctuations of the
pump frequency are compensated and another where the slow
temperature drifts of the cavity are corrected. We find that the
coupling between soliton power and the detuning is held in a
photonic molecule configuration. These results provide a better
understanding of the dynamics of super-efficient microcombs
that are not exclusive of photonic molecules but can be attained
in other schemes where modal coupling is implemented. We en-
vision that this method can be employed to utilize microcombs
in demanding system-level applications.
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