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Self-injection locking has emerged as a crucial technique for coherent optical sources, spanning from narrow
linewidth lasers to the generation of localized microcombs. This technique involves key components, namely
a laser diode and a high-quality cavity that induces narrow-band reflection back into the laser diode.
However, in prior studies, the reflection mainly relied on the random intracavity Rayleigh backscattering, ren-
dering it unpredictable and unsuitable for large-scale production and wide-band operation. In this work, we
present a simple approach to achieve reliable intracavity reflection for self-injection locking to address this chal-
lenge by introducing a Sagnac loop into the cavity. This method guarantees robust reflection for every resonance
within a wide operational band without compromising the quality factor or adding complexity to the fabrication
process. As a proof of concept, we showcase the robust generation of narrow linewidth lasers and localized micro-
combs locked to different resonances within a normal-dispersion microcavity. Furthermore, the existence and
generation of localized patterns in a normal-dispersion cavity with broadband forward–backward field coupling
is first proved, as far as we know, both in simulation and in experiment. Our research offers a transformative
approach to self-injection locking and holds great potential for large-scale production. © 2024 Chinese Laser

Press

https://doi.org/10.1364/PRJ.511627

1. INTRODUCTION

Spectrally pure, or high-coherence lasers are crucial for a wide
range of applications, including coherent optical communica-
tion [1,2], microwave photonics [3–5], optical atomic clock
[6,7], ranging [8,9], precise sensing [10], and spectroscopy
[11]. Among the various high-coherence laser schemes, self-
injection locking (SIL) lasers [12,13] stand out as particularly
promising due to the potential wafer-scale production [14], lev-
eraging recent progress in ultralow-loss integrated optical cir-
cuits [15,16] and hybrid integration technology [17–20]. The
core principle of self-injection locking lasers [21–23] involves
directly coupling the laser cavity with an external, high-quality-
factor microcavity [24]. In this configuration, the output of the
hybrid laser cavity will be locked by the reflections from the
external microcavity. This results in the suppression of phase

noise, or in other words, superior frequency stability. The in-
trinsic linewidth can be reduced to the remarkable level of just a
few hertz [25]. Moreover, the unique dynamics in such hybrid
cavities can facilitate the robust and turnkey generation of local-
ized microcombs, successfully demonstrated in both anomalous
[26,27] and normal-dispersion [28,29] microcavities.

The essential of self-injection locking technology is the
narrow-band reflection induced by microcavities. One common
mechanism for such reflection is Rayleigh backscattering in
high-quality-factor microcavities [Fig. 1(a1)] [30], which can
be induced by fabrication imperfections and has been em-
ployed for self-injection locking laser and microcomb genera-
tion [25]. However, a significant challenge with Rayleigh
backscattering arises from the inherent randomness in the re-
flection ratio [14], both among different resonances within
identical cavities and among identical resonances in different
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chips. This unpredictability raises concerns about the feasibility
of mass-producing self-injection locking optical sources based
on Rayleigh backscattering. To ensure the reliability of SIL
sources, alternative controlled reflection mechanisms have been
proposed. One straightforward approach involves incorporat-
ing an add-drop microring and placing a reflector at the drop
port [Fig. 1(a2)] [31] or coupling the input waveguide with the
drop waveguide [32] to induce a robust reflection. However,
the additional coupling region can lead to decrease in the
quality factor [33]. To balance the loaded quality factor and
the reflection ratio for self-injection locking lasers, these works
tend to working with loaded quality factors below 106,
although the intrinsic quality factors could reach 107, as dem-
onstrated in silicon nitride (SiN) [32] and silica [34] platforms.
The decreased quality factor can hinder the generation of mi-
crocombs by SIL under limited power of integrated laser
diodes. A photonic crystal ring resonator (PhCR) is the other

promising method [Fig. 1(a3)] that can deterministically intro-
duce backscattering [35]. Self-injection locking laser and micro-
comb generation have been demonstrated in PhCRs [36]. While
effective, the production of these resonators demands a precision
fabrication process, with pattern sizes even smaller than 50 nm.
Additionally, achieving wide-band reflection with this approach
can be challenging. Alternatively, it is possible to induce wide-
band reflection by etching a single hole on the microring as a
broadband scatterer. However, this also necessitates the fabrica-
tion of delicate structures, and localized microcomb generation
has not yet been observed with this method [33].

In this study, we present a reliable reflection mechanism
achieved by incorporating a Sagnac loop [37,38] into the mi-
crocavity as shown in Fig. 1(a4), commonly referred to as a
Sagnac ring, as reported in previous works [39,40]. We have
developed theoretical models for the Sagnac ring. According
to the model, precise control over the reflection ratio can be
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Fig. 1. Simulation and experiment results of transmission and reflection. (a) Different schemes of reflection or backscattering for injection locking.
(b) The photograph of the Sagnac ring and the ring structure are lighted by green. (c) Simulated transmission (red line) and reflection (blue line) of
the Sagnac ring. (d) Simulated transmission (red line) and reflection (blue line) of the resonance around 1550 nm which is shadowed with light blue
in (c). (e) Simulated reflection under different intracavity reflection index and coupling index. (f ) Tested transmission (red line) and reflection (blue
line) of a normal ring resonant. (g) Tested transmission (red line) and reflection (blue line) of a Sagnac ring resonant, the shadowed areas in (f ), (g),
and (i) mark resonances with relatively low reflection (lower than 0.1). (h) Tested integrated dispersion of the Sagnac ring. The inset shows the
resonances at 1544.5 nm and 1548.6 nm, respectively. (i) Extracted peak reflection and loaded quality factor of the Sagnac ring.
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attained by adjusting the intracavity coupler and the coupling
state. To validate this concept, we have manufactured a Sagnac
ring on the SiN platform. Within the wavelength range of 1540
to 1590 nm, consistent reflections are observed for different
resonances. Furthermore, by directly coupling the Sagnac ring
with a distributed feedback (DFB) laser diode, we have success-
fully demonstrated the self-injection locking laser, locking to
each resonance within the tuning band of the DFB laser diode.
Additionally, our simulations have predicted the existence of
localized microcombs in a normal-dispersion cavity with broad-
band forward–backward field coupling. We have observed
the localized microcomb generation in an experiment through
self-injection locking. This work offers a dependable and prac-
tical scheme for advancing self-injection locking technology,
opening new possibilities for its application for wafer-scale
production.

2. PRINCIPLE AND CHARACTERIZATION OF
ESSENTIAL PARAMETERS

The proposed Sagnac ring structure is illustrated in Fig. 1(a4),
wherein a Sagnac loop is positioned within the cavity rather
than at the drop port. The Sagnac loop serves as a prevalent
reflector in integrated optical circuits, featuring a waveguide
that couples with itself at its central section through a direc-
tional coupler denoted as C1. As the optical field traverses
the loop, a portion of the light is coupled back, leading to
the reflection. The theoretical model for the Sagnac loop has
been thoroughly established and well-characterized [37]. In this
context, we can describe the coupler using the scatter matrix S,
which is defined as follows:

S �
�
t s iκs
iκs t s

�
, (1)

where t s and κs are the transmission and coupling coefficient of
the coupler. The transmission T s and reflection Rs of the
Sagnac loop can be expressed as

Rs � 2iκs t s · eiβLs e−αLs ,

T s � �t2s − κ2s � · eiβLs e−αLs , (2)

where β is the propagation constant, Ls is the length of the loop,
and α is the loss rate of the loop. For the ease of expression, we
define 2κs t s and t2s − κ2s as r and t, respectively, which are the
forward–backward coupling coefficient and transmission coef-
ficient of the Sagnac loop. Then, we will give the transmission
and reflection model of the Sagnac ring. For a simpler format,
the two optical lengths from C2 to C1 are assumed as the same,
which can be realized by moving the position of C2. The results
where the optical lengths are not the same are given in
Appendix A. The intracavity field can be expressed as

f � BD − AC
B2 − A2 ,

b � BC − AD
B2 − A2 , (3)

where

A � tc · aeiφ − 1,

B � rτ · aeiφ · i,

C � tc · aeiφ · �−i�,
D � rc · aeiφ: (4)

f and b are the intracavity forward and backward field; A, B, C ,
and D are self-defined parameters; a is the loss coefficient of
single round-trip; τ and c are the transmission coefficient and
coupling coefficient of coupler C2; and φ is the phase of the
total cavity pass. Based on this model, we can calculate the
transmission and reflection of the Sagnac ring. Figure 1(c)
shows the calculated transmission and reflection of the Sagnac
ring under τ � a. It is worth noting that, as we tune r within a
wide range, the reflection is close to but does not exceed 0.25
even as r � 1. Considering r � 1, t � 0, and τ � a, the back-
ward field coupled out the cavity will be

b � caeiφ

−τ2a2ei2φ � 1
: (5)

Under φ � nπ �n ∈ N �, the backward field reaches its
maximum, or meets the resonant condition, and

b � 1 − 3a2

4a3
: (6)

As a is close to 1 or in a high-quality-factor microring, the
reflection jbj2 will be close to 0.25.

Figure 1(d) shows the spectrum of one resonance around
1550 nm as shadowed in Fig. 1(c). Different from an extracav-
ity reflection as depicted in Fig. 1(a2), the intracavity reflection
will also induce resonance splitting, where one resonance splits
into two resonances. The splitting frequency mainly depends
on the intracavity forward–backward field coupling as demon-
strated in Ref. [41]. As the reflection is the most concerned
parameter here, we give a map of reflection under different cou-
pling index (c2) and different reflection of the Sagnac loop, as
shown in Fig. 1(e), with the round-trip loss 1 − a2 set to 0.001.
It is worth noting that under τ � a, the reflection reaches
around 0.25 whenever r is larger than 1 − a. For a larger reflec-
tion, τ < a is necessary with high enough r.

For the demonstration of the Sagnac ring, we designed
and fabricated the Sagnac ring on a SiN platform, as shown in
Fig. 1(b). The tested reflection and transmission spectra are de-
picted in Fig. 1(g). Broadband and consistent reflection is ob-
served with the wavelength range from 1540 nm to 1590 nm.
At the short wavelength side, the reflection is decreased which is
caused by a lower coupling coefficient between the bus wave-
guide and the microcavity. The depths of transmission resonan-
ces around 1544 nm and 1573 nm are relatively low, resulting
from the coupling between the fundamental mode and high-
order mode [42]. The reflection at corresponding bands also
decreases due to lower quality factors. The extracted integrated
dispersion curve is given in Fig. 1(h), showing a typical normal
dispersion. Here we only focus on the resonances at the high-
frequency (short wavelength) side of the two split resonances.
The insets show the resonances affected and unaffected
by high-order modes. The extracted reflection and loaded
quality factors are given in Fig. 1(i), where the loaded quality
factors vary around 4 × 106. By adopting the Sagnac ring, all
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resonances within 1540 nm to 1590 nm show a reflection
larger than 0.1, and the reflection round 1560 nm could reach
0.3. As a comparison, we also fabricate a racetrack ring with
100 GHz free spectral range (FSR), with the same waveguide
structure. The loaded quality factor of the normal cavity is
around 5 × 106 and the transmission and reflection spectra are
given in Fig. 1(f ). Due to the random Rayleigh backscattering,
the reflection of different resonances fluctuated within a wide
range, where some resonances even show neglectable reflection.
Compared with the normal all-pass microring, the proposed
Sagnac ring provides a reliable reflection without degenerating
the quality factor. The reflection is induced by an intracavity
directional coupler, which is the common structure for inte-
grated circuits. We believe that the proposed Sagnac ring is
attractive for the mass production of self-injection locking
sources.

3. ROBUST SELF-INJECTION LOCKING LASER
FOR DIFFERENT WAVELENGTHS

Contributing to the consistent reflection over a wide operation
band, we can achieve SIL lasers for each resonance. In our ex-
perimental setup [Fig. 2(a)], we directly couple a DFB laser
diode with the Sagnac ring. Both the SiN chip and the laser
diode are mounted on separate temperature controllers respec-
tively to stabilize the resonant frequency of the Sagnac ring and
the laser cavity. These chips can also be mounted on one tem-
perature controller if packaged or monolithically integrated
[14]. Operating at a driving current of 200 mA, the laser diode
lases at approximately 1549 nm with an output power of
around 15 dBm. By adjusting the temperature of the laser di-
ode within a range of 20°C to 40°C, we can tune the output
wavelength from 1547.80 nm to 1550.50 nm under free-
running conditions.

As the laser diode is coupled with the SiN chip, the Sagnac
ring provides narrow-band reflection to the laser diode at its
resonant frequencies. We can finely control the gap between
the SiN chip and the laser diode to adjust the feedback phase
from the microring to the laser diode, a critical factor in achiev-
ing self-injection locking. By changing the temperature of the
laser diode to align its output wavelength with the Sagnac ring’s
resonance and tuning the feedback phase, we can realize SIL
lasers. For the measurement of SIL lasers, the output from
the SiN chip is coupled through a lensed fiber and split into
an optical spectrum analyzer (OSA) and a phase noise testing
link, as shown in Fig. 2(b).

Figures 2(c) and 2(d) display the tested phase noise and fre-
quency noise of the SIL lasers, which are locked to different res-
onances, compared to free-running DFB lasers at 1549.2 nm.
Thanks to the self-injection locking process, the phase noise
of the hybrid laser is suppressed by more than 30 dB. The fre-
quency noise reaches its lowest point around an offset frequency
of approximately 2 MHz, indicating the white noise floor. The
measured minimum frequency noises are 4.57 Hz2∕Hz,
8.02 Hz2∕Hz, 3.88 Hz2∕Hz, 4.37 Hz2∕Hz, 11.88 Hz2∕Hz,
and 9.01 Hz2∕Hz for wavelengths of 1547.9 nm, 1548.3 nm,
1548.95 nm, 1549.37 nm, 1549.82 nm, and 1550.46 nm,
respectively, indicating a minimum intrinsic linewidth of
24.38 Hz. This is significantly reduced from the 80.78 kHz in-
trinsic linewidth of the free-running laser. Figure 2(e) presents
the measured spectra recorded with a 10 dB offset, considering a
10% split power. Except for the SIL laser at 1550.46 nm, all
lasers exhibit power levels greater than 10 dBm.

Notably, thermal phase shifters are positioned above the
Sagnac ring and the waveguide between the laser diode and
the Sagnac ring. As we have demonstrated SIL lasers for differ-
ent resonances, this device has the potential to achieve SIL
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lasers at arbitrary wavelengths by tuning the thermal phase
shifter above the Sagnac ring. While our focus was primarily
on demonstrating SIL for various wavelengths, we did not ex-
tensively fine-tune the working conditions, particularly the
feedback phase. This hybrid cavity can be packaged to ensure
stable operation and further suppress phase noise at low offset
frequencies (<10 kHz) [25]. And superior performance may be
attainable by precisely controlling the feedback phase using the
thermal phase shifter.

4. COMB GENERATION INDUCED BY
FORWARD–BACKWARD FIELD COUPLING

Strong normal dispersion can be witnessed in Fig. 1(h), indi-
cating the absence of spontaneous microcomb generation by
sweeping the detuning between the pump laser and the reso-
nance; while as illustrated in Figs. 1(d) and 1(h), the forward–
backward field coupling induced by the Sagnac ring will cause
resonance splitting. This will lead to localized dispersion chang-
ing [40]. As we pump the resonance at the long wavelength
(low frequency) side, the pumped mode could undergo effec-
tive anomalous dispersion with nearby split resonances at the
short wavelength (high frequency) side. This localized anoma-
lous dispersion can support the spontaneous microcomb gen-
eration. This phenomenon has been simulated [43] and
observed in experiment [40]. Here, different from Ref. [40],
the microring is designed for self-injection locking, where the
splitting frequency is designed close to the linewidth of the res-
onance [44], we only observe comb generation of a few comb
lines as shown in Fig. 3(b). The corresponding transmission is
shown in Fig. 3(a). The laser sweeps into the resonance at the
short wavelength side (marked as resonance 1) first, where no
comb can be observed. Then the laser will drop into the res-
onance at the long wavelength side (marked as resonance 2),
and the comb state can be observed under a pump power
around 15 dBm (before coupling into the cavity). Here we

show the comb generation with comb spacing of eight FSRs
around 1555.4 nm, which is far from the resonances influenced
by high-order modes.

In simulation, we employ the modified LLE established
in Ref. [43]. Using the parameter extracted from the tested
data, we could also observe comb generation with spacing
of eight FSRs, as shown in Figs. 3(c) and 3(d). With higher
pump power, the resonance at the long wavelength side will
be covered by the resonance at the short wavelength side due
to the nonlinear effects. In the experiment, raising the pump
power up to around 23 dBm, we can observe Raman comb
generation. We did not observe a localized comb state by
sweeping the pump laser. Previous works [40,43] also miss
localized states in the Sagnac ring with normal dispersion.

5. EXISTENCE OF LOCALIZED MICROCOMBS

As discussed in the previous part, the localized anomalous
dispersion can enable the spontaneous microcomb generation
in the normal-dispersion cavity by simply sweeping the reso-
nances from the short wavelength side to the long wavelength
side. However, achieving a mode-locked microcomb state has
proven to be a challenging process [40,43]. In the case of a
cavity where each resonance experiences forward–backward
field coupling, which is the condition in the Sagnac ring,
the existence of mode-locked states has remained unconfirmed.
Utilizing the coupling equation established in Ref. [43], analy-
sis to explore the existence and stability of localized states is
conducted. Figure 4(a) illustrates the trajectory of solutions
under a specific parameter set. The gray (forward) and brown
(backward) lines represent homogeneous steady states (HSS) or
continuous wave states, in other words, with solid lines denot-
ing stable solutions and dashed lines indicating unstable ones.
Due to intracavity reflection, when light couples into the mi-
crocavity, both forward light and backward light exist within
the cavity. In contrast to scenarios without forward–backward
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coupling, more than three solutions can coexist within the
cavity under certain detuning.

Based on previous works [43], we extended our investiga-
tion to track the dark pulse solution around the short-
wavelength-side resonance using the numerical continuation
method. Notably, in our analysis of solutions, we observe that
the presence of backward light, with its cross-phase-modulation
(XPM) effect on forward light, extends the existence range of
the resonant peak compared to that without forward–backward
coupling [45]. The trajectory of the dark pulse solution under-
goes deformation due to the influence of backward light. As the
order of the dark pulse (indicative of the width of the depres-
sion) increases, we observed a gradual reduction in the power of
forward light, accompanied by an initial increase and sub-
sequent decrease in the power of backward light. In Fig. 4(b),
we present the time-domain shapes of the first four orders of
dark pulses, where the forward field diminishes gradually while

the backward field strengthens. Notably, the overall shape of
the dark pulse in both the time and frequency domains
[Fig. 4(c)] remains consistent with that of a normal-dispersion
cavity.

Here, we stimulate the localized states by self-injection lock-
ing in experiment. Figure 4(d) illustrates the various dark pulse
combs we observed in the experiment. In contrast to self-injection
locking lasers, we set the laser operating current to 300 mA to
ensure higher on-chip power, which is critical for the gener-
ation of microcombs. Our experimental assessment of injection-
locked dark pulses is limited to pump resonances around
1550.49 nm, 1550.02 nm, 1549.56 nm, and 1548.17 nm.
Theoretically, localized states exist at other resonances; how-
ever, our experimental tests yielded incoherent comb states
at resonances around 1548.95 nm and 1548.42 nm. This could
be attributed to the possibility that each resonance can achieve
self-injection locking, resulting in some overlap between them,
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which in turn makes it challenging to observe the coherent
comb state of certain peaks. In Fig. 4(e), we present the fre-
quency noise of seven comb teeth, including the locked pump
(marked 0) at 1550.49 nm, as well as the ones on the short
wavelength side (marked −3 to −1) and the long wavelength
side (marked �1 to �3). Notably, each curve reaches its mini-
mum at a frequency offset around 5 MHz, with values ranging
from 41.04 Hz2∕Hz to 74.57 Hz2∕Hz. The inset depicts the
intrinsic linewidths of the seven comb teeth, revealing a gradual
increase trace from the pump to the sides [46]. Figure 4(f ) de-
picts the frequency noise of the −2 comb line of different comb
states shown in Fig. 4(d). The observed reduction in frequency
noise compared to that of the DFB laser signifies that the
optical comb is in the self-injection locked state.

6. CONCLUSION

In Table 1, we give a comparison of different schemes for in-
tegrated self-injection locking lasers. Compared with the exter-
nal cavity laser scheme [50–53], the tunable bandwidth of
self-injection locking lasers is much shorter, while the coher-
ence of SIL sources [54] is much higher than that of the
ECL scheme. Also, the Sagnac ring can be adopted for the ex-
ternal cavity laser scheme. As we claimed before, employing the
Sagnac ring, we can induce robust and controlled reflection
under a wide operation band, without decreasing the quality
factor or involving the fabrication of delicate structures. The
proposed scheme is desired for mass-production and wide-
spread applications. The localized microcomb states with
broadband forward–backward reflection are first demonstrated
in simulation and in experiment, as far as we know. Here, we
only present a raw study of such states. It is worth noting that
with the changing of the forward–backward coupling strength,
the existence range and stability of dark pulses will be changed.
This is also interesting and will be illustrated in future works,
combining with the analysis in anomalous dispersion cavities.
In addition, contributing to the simple structure, the novel con-
cept of robust reflection can be transferred to any integrated
photonic platform.

APPENDIX A: THE MODEL OF THE SAGNAC
RING IN A GENERAL CASE

In the main text, we give the model of the Sagnac ring in the
case that the two optical paths between C1 and C2 are the

same; while for a general condition, the two paths can be
different. Considering the two paths have different lengths
l 1 and l 2, the transmission and reflection can be expressed
in a similar form to Eq. (3):

f � BD − AC
B2 − A2 ,

b � BC − AD
B2 − A2 · exp�−Z · Δl�, (A1)

where Z is defined as −α� iβ and Δl is equal to l2 − l1. Under
this condition, there will be a phase difference for backward
field. Under the linear model, the transmission and reflection
will be the same.

APPENDIX B: COMPARISON OF ADD-DROP
RINGS AND SAGNAC RINGS

To show the advantage of the Sagnac ring over the conventional
add-drop ring scheme, we give the simulation results of the re-
flection and the loaded quality factor of different microcavities,
where the free spectral range is 50 GHz, the wavelength is
1550 nm, and the intrinsic quality factor is 107. The reflection
and the loaded quality factor are the most important factors for
self-injection locking lasers and the microcomb generation. For
the add-drop ring with the Sagnac loop at the drop port, we
assume that the two ring-waveguide couplers have identical
parameters and the reflection of the Sagnac loop is 1. In this
case, the reflection of the microcavity is determined by the
square of the loss from the input to the drop port of the
add-drop ring, as the reflected light needs to pass through the
add-drop ring twice. For the Sagnac ring, we examine two cases
with the reflection ratio Rs of the intracavity Sagnac loop set to
1 and 0.001, respectively. The simulated loaded quality factor
and the reflection ratio of the cavity are illustrated in Fig. 5.
Due to the additional coupler, the loaded quality factor of
the add-drop ring is lower than that of the Sagnac ring under
the same reflection. The lower quality factor will degenerate the
linewidth enhancement for self-injection locking lasers and in-
crease the required pump power for localized microcomb gen-
eration. Regarding the robustness and complexity, the Sagnac
ring does not involve any additional complex component com-
pared with add-drop rings. The primary challenge associated
with the Sagnac ring lies in the complex design process required
for the suppression of high-order modes.

Table 1. Comparison of Different Schemes of Integrated Self-Injection Locking Lasers

Platform Quality Factor (×106) Reflection Origin Wide-Band SIL Laser Intrinsic Linewidth (Hz) Comb Generation

SiN [25] 150 Rayleigh back-scattering 1.2 Y
SiN [31] 0.055 Reflection at drop port Y >314 N
SiN [14] 50a Rayleigh back-scattering 5 Y
SiN [36] 1.6 Photonic crystal N Y
SiN [33] 0.8 Hole defect Y 34.1 N
SiN [47] 0.52 Reflection at drop port Y 22 N
Silica [34] 0.791 Reflection at drop port Y 27 N
SiN [48] 0.5 Reflection at drop port Y 8000 N
SiN [49] 42 Rayleigh back-scattering 3 Y
SiN (this work) 4 Intracavity Sagnac loop Y 24.38 Y

aIntrinsic quality factor.
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APPENDIX C: DETAILED PARAMETERS
OF THE CHIPS

As shown in Fig. 6(a), the Sagnac ring consists of two partial
Euler bends (red lines), four S-shape bends (blue lines), and two
straight waveguides (yellow lines). The minimum bend radius
of the partial Euler bend is 55 μm. The offset in the x direction
and y direction of the S-shape bends is 450 μm and 72.5 μm,
respectively. The length of the straight waveguides is 100 μm.
The gap of the coupler C1 is 2 μm. The Sagnac ring is coupled
with a bus waveguide at the connection (C2) of the partial
Euler bend and the S-shape bend. The gap of the coupler
C2 is 0.8 μm. The entire ring consists of the rectangular wave-
guide with the width and the height of 3 μm and 0.3 μm,
respectively. The wide waveguide can decrease the propagation
loss to increase the quality factor. For assessing the propagation
loss of the waveguide, we designed and fabricated seven race-
track microcavities of 100 GHz FSR with the same parameters
on seven different chips. The histogram of estimated loaded
quality factors of the seven racetrack microcavities around
1550 nm is given in Fig. 6(b). The average and the standard
deviation of the loaded quality factors are 5.52 × 106 and
2.47 × 106. We also measure seven Sagnac rings with the same
design used in this work. The histogram of estimated loaded

quality factors is shown in Fig. 6(c), where the average and
the standard deviation of the loaded quality factors are
4.13 × 106 and 1.16 × 106. The threshold current of the DFB
laser diode is 10 mA. The output power of the DFB laser diode
reaches 18 dBm under the driving current of 350 mA, with the
diode voltage of 1.4 V. The edge coupler of the SiN chip con-
sists of a 220 μm-long inverse taper with the waveguide width
widening from 0.28 μm to 1 μm. The output power collected
with a lensed fiber through the SiN chip is 13–14 dBm, indi-
cating a total insertion loss of 4–5 dB.

APPENDIX D: THE SELF-INJECTION LOCKING
RANGE

In addition to the linewidth measurement of the SIL laser, we
also give a measurement of the self-injection locking range, by
sweeping the driving current of the laser diode. The output of
the hybrid laser is beat with a reference laser in a photodetector,
and the beating signal is recorded by an oscilloscope for offline
process, as depicted in Fig. 7(a). Figure 7(b) shows the time-
frequency spectrogram of the beating signal when the DFB la-
ser cavity frequency or the free-running laser frequency is swept
by tuning the driving current. Under the free-running state, the
laser frequency is chirped with the driving current, while under
the self-injection locking state, the laser frequency is locked by
the SiN microcavity and changed slowly with the current
sweep. In the experiment, we find the locking range of the hy-
brid laser is 9 GHz for both forward and backward detuning,
close to the locking range (13.3 GHz) reported in Ref. [28].

APPENDIX E: THE DELAYED SELF-
HETERODYNE METHOD FOR THE LINEWIDTH
MEASUREMENT

Here we adopt the delayed self-heterodyne method for the line-
width measurement. The experimental setup, illustrated in
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Fig. 2(b), includes a Mach–Zehnder interferometer, a polariza-
tion controller, an acoustic-optic modulator, and a 5 km fiber.
The beating signal is recorded by a real-time oscilloscope. The
double-sideband power spectral density SΔφ�f � of the delayed
laser phase �Δφ � φ�t� − φ�t − τ�� noise can be extracted from
the recorded data, where τ represents the time delay between
the two arms of the Mach–Zehnder interferometer. The laser
frequency noise can be determined as

Sv�f � �
f 2

4�sin�πf τ��2 SΔφ�f �: (E1)

The measured frequency noises are given in Fig. 2(d) and
Figs. 4(e) and 4(f ). At high offset frequencies, the white fre-
quency noise, also known as quantum noise, is the dominate
noise, which determines the intrinsic linewidth. The intrinsic
linewidth can be estimated by multiplying the white noise level
by 2π. Further details of the process are available in Ref. [55].

APPENDIX F: SIMULATION OF COMB STATES
IN THE SAGNAC RING

For the simulation of comb states, coupled Lugiato–Lefever-
type equations are used:

tR
∂F �t , τ�

∂t
�

�
−

�
κ � θ

2
− iδ0

�
� iL

β2
2

∂2

∂τ2

�
· F

� ig · B�−τ� � iLγ�jF j2 � 2PB�F �
ffiffiffi
θ

p
F in,

tR
∂B�t , τ�

∂t
�

�
−

�
κ � θ

2
− iδ0

�
� iL

β2
2

∂2

∂τ2

�
· B

� ig� · F�−τ� � iLγ�jBj2 � 2PF �B, (F1)

where tR and L are the round-trip time and length, κ is the
single-pass loss rate, δ0 is the detuning, θ is the coupling index,
β2 is the second-order dispersion, g is the coupling rate between
forward and backward fields, PF and PB are the average powers
of forward and backward fields, and F and B are the forward
and backward fields. For the simulation of Fig. 3, the intracav-
ity fields is initialized with noise background and the detuning
δ0 is swept for the comb generation. tR and L are set to 17.88 ps
and 2.40 mm, respectively, considering the FSR of 55.93 GHz.
β2 is set to 1134.66 ps2 km−1. κ and θ are equal to 0.0027 as
Qi � Qc � 8 × 106. γ is equal to 1 m−1 W−1 and g is 3.2κ.
The pump power is set to 28 mW. For the simulation in
Fig. 4, due to the comb states not being able to be stimulated
by simply sweeping the detuning, the pulse pump condition is
first used to stimulate the dark pulse state. The generated dark
pulse state is used as the guess solution for the numerical con-
tinuation method for the track of existing dark pulse solutions.
Also, the pump power is set to 50 mW.
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