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Dissipative Kerr solitons (DKSs) in microresonators have boosted the development of the chip-scale ultra-
stable microcomb sources, and thrived in both fundamental physics and a wide range of applications. Among
various DKS states, single DKS, double DKS, and a perfect soliton crystal could be identified simply based on the
optical spectrum. Especially, the double DKS state, due to its two-pulse-interference nature, has recently found
its own application in microwave photonics, such as reconfigurable rf filters. However, the traditional method
to generate double DKS usually yields stochastically relative positions of the DKS in the cavity, which limits
the versatility of the application. Here a method to deterministically generate double DKSs with fixed relative
positions assisted by the dual-pump driven scheme in a 97-GHz Si;N4 microresonator is demonstrated. Via the
dual-pump scheme, not only has the single soliton been repeatably generated, double DKS with deterministic
relative positions has also been realized through backward tuning. The effects of pump wavelength tuning and
pump power on the relative positions are investigated. A direct bridge between the relative positions and the
avoided mode crossing induced modulated cw background is established. This work not only provides insight to
DKS dynamics in a dual-pump scheme, but also improves the versatility of double-DKS based applications in

microwave photonics.
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Over the past decade, remarkable breakthroughs have been
seen in the chip-scale frequency microcomb studies with
ultrahigh-Q microresonators [1-7], from table-top demon-
strations [8,9] to small factor integrated platforms [10-12],
thriving in both fundamental dynamics [9,13-20] and various
applications, including spectroscopy [21], optical coherent
tomography (OCT) [22,23], low noise radio frequency gen-
eration [24,25], frequency synthesis [10], distance ranging
[26,27], photonic convolution processing [28,29], and high-
speed optical communication [30-32]. Among these studies,
dissipative Kerr solitons (DKSs), which require a delicate
balance between loss and parametric gain, as well as Kerr
nonlinear phase shift and anomalous dispersion [33], draw
the most attention, for their broadband optical frequency
comb nature. DKS states include single DKS, multi-DKS,
and soliton crystal [34] states. Except for the single DKS
state, which has a sech? envelope, all the other DKS states’
optical spectra are just the interference of several soliton
pulses circulating around the cavity. The comb line intensity
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could be expressed as [7] I(i) = | Z?’:l exp(i¢ju)|2, where
¢ is the phase of each comb line, while p is the comb line
number. However, except for perfect soliton crystal states [35]
and double DKS states, other multi-DKS states are difficult
to identify merely from the spectra. Recently, the lotuslike
double DKS state, due to its interference nature, has found
its own application in the microwave photonics area. How-
ever, although repeatable double DKS generation is realized,
the relative position (hereafter we use the term azimuthal
angle to describe it) between the two soliton pulses is still
stochastic [36].

Here we experimentally demonstrate a method to deter-
ministically generate double DKS with fixed azimuthal angle
assisted by the dual-pump driven scheme in a 97-GHz SizNy4
microresonator. The SizN4 platform is currently the most
wildly applied platform due to its complementary metal-
oxide semiconductor-compatible fabrication process, large
Kerr nonlinearity, broad transparent window, low Raman non-
linearity, and high-power handling capability [33]. However,
just like the other platforms, such as AlGaAs, AIN, Si, and
Si0,, SizNy also suffers from the thermal effect, which makes
it difficult to tune the pump laser to the effective red-detuned
regime, where DKS states exist. In order to mitigate the fast
thermal effect, power kicking [37] and high-speed frequency
scanning [38] methods are proposed with abrupt change of
power or frequency to bypass the thermal effect. The emer-
gence of the dual-pump scheme significantly simplifies the
procedure to generate the single DKS state [39,40]. With the
assistance of an auxiliary pump at the C band, the nonlinear
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FIG. 1. Deterministic double dissipative-Kerr-soliton generation. (a) Schematic setup of dual-pump driven soliton generation. The main
pump and the auxiliary pumps are launched into the 97-GHz Si3;N,4 microresonator in counterpropagating directions and separated via
circulators (CIR). Both the main pump and the auxiliary pump are selected at TE polarization with polarization beam splitter (PBS). The
reflection path of the circulator on the auxiliary side is utilized for optical spectrum, amplitude noise, and autocorrelation (A.C.) measurements.
The reflection of the other circulator is used for monitoring the transmission of the auxiliary pump. OSC: oscilloscope; OSA: optical spectrum
analyzer; ESA: electronic spectrum analyzer. (b) Scheme of dual-pump driven method. The main pump and the auxiliary pump are launched
into the microresonator in the opposite direction. The upper left inset depicts single pump scheme, in which resonances will shift to shorter
wavelengths when the pump is at effective red-detuned regime. The upper right inset illustrates the dual-pump scheme, in which all the
resonances remain at the same position, when the main pump is tuned in the effective red-detuned regime, with the auxiliary pump set at the
effective blue-detuned regime. (c) Device characterization. Upper panel depicts the transmission of the tested 97-GHz Si;N4 microresonator.
The inset shows the inevitable TE-TM mode coupling. The lower panel illustrates the FSRs of the resonances across 65 nm, with fitted
anomalous GVD of —7 fs>/mm. The dashed blue box circles the AMX attributed to the TE-TM mode coupling. (d) Pump power transmission
of both pumps in single pump scheme and dual-pump regime. The upper panel shows that without the auxiliary pump, the soliton characteristic
steps only maintain over tens of kHz. The lower panel illustrates that with the presence of the auxiliary pump, the soliton characteristic step is
significantly extended to several MHz. Both measurements are implemented with laser scanning speed of 2.5 THz/s.

thermal effect of Si3Ny is significantly mitigated, hence the
effective red-detuned regime could be easily accessed through
manual wavelength tuning. Then a 97-GHz single DKS is
repeatedly accessed, confirmed by the sech? optical spectrum
shape, the amplitude noise measurement, as well as the au-
tocorrelation measurement. Furthermore, several double DKS
states are demonstrated with different azimuthal angles. Next,
we report a deterministic method to generate double DKS
states with fixed azimuthal angle, directly accessed from the
single DKS state, with backward detuning. The fine tuning of
the azimuthal angle via wavelength tuning and pump power
variation are further investigated. Finally, the connection be-
tween the deterministic coarse dialing of double DKS states
with different angles from 180 ° to 17 ° and the avoided mode
crossing (AMX) is established.

Figure 1(a) demonstrates the schematic setup of the dual-
pump driven method for single and double DKS generation.
In the experiment, a SizNy4 planar microresonator with 800
nm height is utilized for DKS generation. The width of the
microresonator is tapered from 4 to 1 um, where the light
is coupled out to the bus waveguide. Unlike the common
uniform waveguide design, such taper design could effectively
suppress higher order mode family, averting avoided mode
crossing (AMX) induced by the coupling between different
transverse mode families [41]. Furthermore, the taper design
could also achieve a higher Q factor as well as offer an ex-
tra degree of freedom to engineer the net dispersion, which
are discussed in our previous works [42]. Figure 1(c) shows
the cold cavity transmission of the 97-GHz microresonator.
A high speed swept wavelength interferometer is applied to
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record more than 100 TE, resonances over the whole C and
L bands, with loaded Q factors higher than 1.5 million. The
lower panel plots the free spectral range (FSR) of all the
recorded resonances, with retrieved group velocity dispersion
(GVD) of —7 fs?>/mm. The discontinuity of the FSR in the blue
dashed box indicates the AMX originating from the inevitable
coupling between TE and TM mode families. A detailed de-
piction of the related resonance is in the lower left of the upper
panel. Such AMX is critical in the deterministic double DKS
generation, and will be discussed in detail later in this paper.

The dual-pump driven method in our implementation uti-
lizes two external cavity diode lasers (ECDLs), which are
amplified by two Er-doped fiber amplifiers (EDFAs) and then
launched in to the microresonator in counterpropagating di-
rections. Both pumps are selected in TE polarization with
polarized beam splitters (PBSs), due to anomalous dispersion
and higher Q factor in TE mode. First, the auxiliary pump
(ECDL,,) is tuned, from shorter wavelength to longer wave-
length, into a resonance in C band (around 1565 nm in our
case), and then stopped at the effective blue-detuned regime.
Then the main pump (ECDL,,,,;,) is launched into a resonance
at around 1598 nm in the counterpropagating direction. Since
both pumps are in the same polarization, in order to collect
the transmission power of both main and auxiliary pumps, two
high-power circulators are utilized. The reflection port of the
left circulator in Fig. 1(a) is used for monitoring the tuning
of the auxiliary pump, while the reflection port of right circu-
lator is split into three paths for optical spectrum, amplitude
noise, and autocorrelation measurements. Figure 1(b) shows
the scheme of the dual-pump driven method. The upper left is
the scenario that only involves a single pump. The detuning
between pump laser and the resonance is usually defined as
A = wy — wp, where wy is the angular frequency of the cold
cavity pump resonance and ) is the angular frequency of
the pump laser. In the presence of thermal effect, an extra
resonance shift introduced to the pump resonance frequency
is approximately proportional to the product of the Q factor of
the resonance and the power coupled to the cavity: Ay o« QF,,
where At = wg — a)é) is the thermally induced resonance shift
with the effective resonance frequency a)é), Q is the quality
factor of the pump resonance, and P, is the power coupled
into the pump resonance from the pump laser. Then the ef-
fective detuning could be written as Ag = wg — w, — Ar.
When only a single pump is forwardly (shorter wavelength
to longer wavelength) tuned into a resonance at the effective
blue-detuned regime, due to the positive thermal-refractive
coefficient in Si3zNy4, the resonance tends to shift to lower
frequency (longer wavelength) as there is more power coupled
into the resonance, and the effective detuning tends to become
longer than without thermal effect. However, when pump laser
is in the effective red-detuned regime, where DKS states exist,
the pump resonance shifts to higher frequency (shorter wave-
length) in forward tuning, which makes the effective detuning
region much shorter than without thermal effect. Such phe-
nomenon results in the thermal triangle in the pump scanning
measurement [43].

Figure 1(d) upper panel plots the transition of the thermal
triangle with the presence of a single pump. The characteristic
step for DKS states is on the hundreds of kilohertz level

when the pump is scanned at a scanning speed of 2.5 THz/s,
which makes it extremely difficult to generate DKS states
with manual tuning. In the presence of the auxiliary laser, the
thermal induced resonance shift is dominated by both pump,
i.e., A7 o OmainPmain, + QauxPaux,» Where Qqux is the quality
factor of the auxiliary pump resonance, and P, is the power
coupled from the auxiliary pump. Since the auxiliary pump is
set at the blue-detuned regime of the picked resonance, when
the main pump is forwardly tuned into the resonance at the
blue-detuned regime, Ppain, increases and tends to redshift all
the resonances, then the auxiliary pump is equivalently tuned
away from the resonance, hence Py, decreases, then Ar is
mitigated. And when the main pump is forwardly tuned at the
red-detuned regime, Puain, decreases and all the resonances
tend to be blueshifted, so that the auxiliary pump is equiv-
alently tuned towards the resonance, hence P,y increases,
then A is mitigated. So the resonance will remain unchanged
during the main pump tuning, with the appropriate choice of
auxiliary resonance and auxiliary pump power. In result, the
resonances are thermally stabilized by the auxiliary pump.
With the help of the thermal stabilization of the auxiliary
pump and the cross-phase modulation (XPM) between the
main and auxiliary pumps, the increase of effective detuning
at the red-detuned regime is retarded, which manifests itself
as a much longer characteristic step of DKS states during
the pump transmission measurement at the same scanning
speed. The lower panel of Fig. 1(d) shows the corresponding
measurement, from which we could see that the characteristic
step is at the several MHz level, which is boosted by more
than 30 times. Such an elongated characteristic step makes
manually tuned DKS states possible.

Via a forward tuning, the comb evolution starts from the
primary comb line, and goes through the Turing pattern,
chaotic combs, and arrives at stable DKS states. With the
careful choice of the auxiliary resonance and auxiliary pump
power, the evolution in the DKS states will repeatedly arrive at
single DKS state, from multisoliton states. Figure 2(a) is the
optical spectrum of a single DKS state with signature sech’
shape. The low noise state is confirmed with amplitude noise
measurement up to 1 GHz, which is shown in the upper left
inset. Furthermore, we implemented a noncolinear autocor-
relation measurement on the single DKS state, as shown in
Fig. 2(b). The setup for soliton generation is connected to
the autocorrelation setup via a long fiber link. Although the
fiber link is not optimized for zero link dispersion, which
causes inevitable broadening of the soliton pulse width, the
single pulse wave form with 10.24-ps period further confirms
a 97-GHz single DKS generation.

Figure 2(c) shows a typical double DKS state with
recognizable interference pattern. Through autocorrelation
measurement shown in Fig. 2(d), the time interval between
the two solitons in the double DKS state is 0.86 ps. The
retrieved azimuthal angle with respect to the 10.24-ps pe-
riod is 30°. Figure 2(e) shows a unique double DKS state
with azimuthal angle of 180 °. The exact w phase difference
results in a double FSR comb spectrum. Figure 2(f) shows
another double DKS state with azimuthal angle of 21 °, which
has a significantly wider lobe size than the 30° case. In
the evolution process from multi-DKS states to single DKS
state, the pulses circulating along the microcavity diminish
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FIG. 2. DKS generation via dual-pump driven method. Schematic depiction of DKS distribution along the microresonator is shown on the
upper right of each optical spectrum. (a) Single DKS optical spectrum. The upper left inset is the amplitude noise measurement (blue curve)
of the DKS state compared with the detector background noise (gray curve). (b) Autocorrelation of the single DKS state. The 10.24-ps period
proves the 97-GHz single pulse generation. (c) A double DKS state with azimuthal angle of 30°. (d) Autocorrelation measurement of the
double DKS state in (c). The 0.86-ps spacing between the peaks illustrates the 30 © separation of the two pulses. (e) Another typical double
DKS state with azimuthal angle of 180 °. Due to the 180 ° azimuthal angle between the two pulses, the interference results in a double-FSR
comb spectrum. (f) A double DKS state with azimuthal angle of 21 °. As the azimuthal angle decreases, the interference envelope would have
a wider lobe width, which is a good indicator to roughly compare the azimuthal angle.

consecutively. Hence, theoretically a double DKS state could
always be achieved in each comb evolution. However, the de-
tuning range for each DKS state could vary in each evolution,
consequently, the double DKS state cannot be generated in
every trial. Furthermore, since the position of the pulses in the
cavity is regulated by the modulated background due to the
interference between the pump and the AMX, the azimuthal
angle of the double DKS state is also stochastic [36].

In the presence of the auxiliary pump, bidirectional switch-
ing could be realized, similar to the photorefractive effect
[44] in the LiNbO; platform. Unlike previous work [45] in
which backward tuning causes pulse number changing from a
higher number to a lower number, the thermal stabilization via
auxiliary pump could realize not only a soliton burst [39], but
also realize an ascending switch of soliton numbers. Here in
our work, we did not focus on a soliton burst but we focused
on the DKS state switching from a single DKS state during
backward tuning. Particularly, we found out that once the
single DKS state is achieved, if one slowly tunes the main
pump wavelength backwardly, the comb will always arrive
at a double DKS state with the same azimuthal angle in a
deterministic fashion, when the pump power and resonance
are not changed. Since the double DKS states have a recog-
nizable modulated pattern due to the interference between the
two soliton pulses, it is rather easy to retrieve the azimuthal
angle from fitting. Hence, all the azimuthal angle information

hereafter is retrieved from the spectral fitting of the double
DKS state.

In our experiments we notice that the main and auxiliary
pump intensities need to be carefully chosen to achieve single
DKS to double DKS switching. In our experimental scheme,
the auxiliary pump is set at 27 dBm, and only when the
main pump power is between 23 and 25 dBm could the de-
terministic double DKS generation be realized. Although the
azimuthal angle between the two solitons in the double DKS
state is fixed via backward tuning, it could still be slightly
tuned through forward tuning. Figures 3(a)-3(c) show the
experimental results for the azimuthal angle tuning through
forward tuning. First, the comb is manually tuned into a single
DKS state, then a slow manual backward tuning is applied to
the main pump until a double DKS state with azimuthal angle
of 21 ° is achieved. Next, the main pump wavelength is slowly
tuned forwardly, until a single DKS state is arrived at again.
During the process, double DKS states with azimuthal angles
of 18° and 17 ° are captured through an OSA, consecutively.
However, since the forward tuning is applied manually and the
OSA has arelatively slow capture time, a continuous variation
of the azimuthal angle is not recorded, nor is the smallest
azimuthal angle observed.

This is due to the modulated background from the AMX.
As mentioned previously, the pulse azimuthal position is reg-
ulated by the modulation on the cw background introduced
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FIG. 3. Deterministic generation of double DKS and azimuthal angle control. (a)—(c) azimuthal angle of double DKS tuning through pump
wavelength tuning. The azimuthal angle between the two DKS pulses tends to decrease as forward wavelength tuning. Through finely and
slowly tuning of the wavelength, the azimuthal angle is deterministically controlled over 4 °, where the green dashed lines show the power
variations of comb lines due to the pulse interference. (d)—(f) azimuthal angle of double DKS tuning through pump power control. As the main
pump power decreases from 24.5 to 23 dBm, the azimuthal angle is slightly increased by 0.7 °. The azimuthal angle is 16.5 ° in (d), 16.7 ° in

(e), and 17.2 ° in (f).

by the AMX. The time period of the modulated background
is directly related to the frequency difference between the
pump resonance and the maximum mode shift resonance. The
larger the frequency difference, the shorter the time period.
Hence, during the forward tuning, as the frequency difference
is increasing, the time interval of two adjacent potential wells
that could trap the soliton pulses gets closer. Therefore, the
azimuthal angle in the double DKS state shows a descending
trend along with forward tuning. Similarly, Once the deter-
ministic double DKS is realized, by changing the main pump
power, the azimuthal angle could also be tuned slightly. Fig-
ures 3(d)-3(f) plot the corresponding measurement results. In
the similar auxiliary pump scheme, the main pump is set at
24.5 dBm. In the same procedure, we obtain a double DKS
state with azimuthal angle of 16.5°. When the main pump
power is decreased to 24 dBm, the azimuthal angle is then
increased to 16.7°. Figure 3(f) shows that when the main
pump is set at 23 dBm, the azimuthal angle is further increased
to 17.2°. The azimuthal angle has an ascending trend as the
pump power decreases.

Next, we investigated the relationship between the deter-
ministic azimuthal angle and the pump position with respect
to the maximum mode shift induced by AMX. Figure 4(a) de-
picts the accumulated dispersion Dj,¢ vs mode numbers. The
abrupt change is induced by AMX. Here we define the pump
mode as mode 0, and the mode number where the maximum
mode shift happens as N. In Fig. 4(a), N= 11, which means
that the pump mode is 11 FSR away from the maximum mode
shift induced by AMX. Figure 4(b) plots the optical spectrum
of the double DKS state pumped at N = 11, generated via the
backward tuning procedure. The azimuthal angle is 17.14 ° in
a deterministic fashion. The angle is retrieved from spectral
fitting, as previously mentioned. The fitting curve is plotted in
red line on top of the optical spectrum. Figure 4(c) plots the

deterministically generated double DKS state with azimuthal
angle of 17.2° when N = 10. Figures 4(d)—4(j) plot the dou-
ble DKS states when N = 9,6, 5, 4, 3, 2, and 1. The azimuthal
angles are 16.24°,33°,32.5°,46.75°,62.4°, 63 °, and 180 °,
respectively. Since the azimuthal angle in Fig. 4(j) is 180°,
leading to a double-FSR comb spectrum, spectral fitting is not
necessary and hence not plotted. Figure 4(k) summarizes the
azimuthal angle for a double DKS state generated at different
pump mode. Due to unknown reasons, there are no determin-
istic double DKS generations at pump modes 7 and 8. For
the other cases, double DKS states are generated as expected.
Overall, the azimuthal angle shows a descending trend as the
pump mode is away from the resonance with maximum mode
shift, which matches with our prediction, shown in the red
curve. The prediction is based on a single AMX point using
a two-parameter model, however, in real implementation, the
auxiliary pump will also contribute to the modulation of the
cw background, leading to a more complex background field.
This could account for the deviation of the measurement from
the prediction.

In conclusion, through a TE-TE dual-pump driven method,
we demonstrate a scheme to deterministically generate a dou-
ble DKS state with fixed azimuthal angle in a 97-GHz SizNy
microresonator. Assisted by an auxiliary pump at the C band,
the thermal nonlinearity is significantly mitigated. Hence, the
characteristic steps for DKS states are elongated, so that single
soliton state could be repeatedly generated manually, which
was difficult to achieve with a single pump in our Si3Ny4 plat-
form previously. Although no soliton burst is demonstrated in
this work, we successfully observed bidirection switching, in
which the soliton number decreases in forward tuning while it
increases in backward tuning. Particularly, we demonstrated
double DKS state generation through backward tuning from
a single DKS state. Although a similar phenomenon has been
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with respect to increasing pump-AMX spacing.

mentioned in a recent published paper [40] during the prepa-
ration of this manuscript, we focus on the double DKS state’s
azimuthal angle control and establish a bridge between AMX
and the azimuthal angle. In the backward tuning from a single
DKS state, the comb always arrives at a double DKS state
with deterministic azimuthal angle, when pumped at the same
resonance. However, once the double DKS is generated, the

azimuthal angle could be fine-tuned through forward tuning
or pump power control. The azimuthal angle tends to decrease
in forward tuning and increase when the pump power de-
creases. Furthermore, we demonstrated that the deterministic
azimuthal angle is directly related to the modulated cw back-
ground induced by AMX. Therefore, by choosing different
pump resonance with respect to the maximum mode shift
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that originates from AMX, we successfully dial the azimuthal
angle from 180° to 17°. We believe that with appropriate
control of the AMX, such as the method demonstrated in [46],
the azimuthal angle could be further manipulated. This study
not only enriches the understanding of DKS dynamics in a
dual-pump driven scheme, but also offers more versatility of
the double DKS state in the application of microwave photon-
ics, such as microcomb based reconfigurable rf filters [36].
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