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Analysis of the Detuning Regulation of a
Double-Pumped Microcavity

X. Xu , H. C. Ye, X. Y. Jin , D. Chen, and H. J. Xia

Abstract—The detuning regulation of a double-pumped micro-
cavity is investigated. In this paper, results show that one of the
detuning parameters’ regulation facilitates dual-comb generation.
When the other detuning parameter is selected appropriately,
dual fields of solitons and Turing patterns generate simultaneously
during the detuning. In this case, dual combs with a relatively
large repeat frequency difference appear by use of a microcav-
ity. Moreover, properly fast detuning is propitious for stable field
evolutions, whereas slow detuning can lead to solitons and Turing
patterns drift. Moreover, after the generation of solitons and Turing
patterns in the detuning, the method of suddenly stabilizing the
detuning parameter to a certain value is used to sustain or regulate
the existing fields. When the fixed value of mutation is small, the
coexistence of solitons and Turing patterns can be maintained all
the time and the large variation value of the detuning parameter
results in dual solitons in the microcavity. The results of this paper
provide a new approach to excite dual combs taking advantage of
a single microcavity.

Index Terms—Double-pumped microcavity, dual combs, fre-
quency combs, Lugiato-Lefever equation.

I. INTRODUCTION

M ICROCAVITY-BASED optical frequency combs have
attracted extensive interests due to their compactness,

flexibility, low power consumption, and compatibility with
CMOS integration [1], [2], [3], [4]. Compared with conventional
frequency combs based on mode-locked laser, microcavity-
based frequency combs not only create an ultra-wide broadband
spectrum but also extend the frequency interval between modes
to the order of GHz [5], [6], [7], [8]. Furthermore, a variety of
materials [9], [10], [11], [12] provide a promising platform for
extensive applications [13], [14], [15], [16], for example, optical
communications and interconnects, optical phased array-based
LiDAR, sensors for chemical and biological analysis, integrated
quantum technologies, and finally, optical computing [17]. In
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recent years, with the continuous development of microcavity-
based frequency combs, the dual-comb system has become a
new research topic. For optical ranging, a dual-comb distance
measurement enables the in-flight sampling of dynamic pro-
jectiles moving at 150 m/s [18]. In the field of spectroscopy
research, dual-comb spectroscopy has emerged as a powerful
approach to acquire nearly instantaneous Raman and optical
spectra with unprecedented resolution [19]. In addition, the
dual-comb system based on microcavities has been applied to
image static and moving targets [20]. Moreover, the synergy of
broad spectral bandwidth and high temporal coherence provided
by the dual-comb system opens up novel hyperspectral digital
holography [21].

At present, investigation has been performed to generate dual
combs. For some particular applications, dual optical frequency
combs with several times the difference in repetition frequency
are required. The widely used approach is to integrate two
microcavities into one optical system, which is pumped by
two separate laser sources [22], [23], [24]. For example, in
the microfabricated photonic optical atomic clock, it consists
of interlocked dissipative soliton combs generated using silica
microresonator of 2 mm diameter, and a 46 μm diameter, Si3N4

microresonator [25]. This pair of interlocked Kerr frequency
combs provide fully coherent optical division of the clock
laser to generate an electronic 22 GHz clock signal with a
fractional frequency instability of one part in 1013. Although
this system can be exploited to produce dual combs with slight
repeat frequency difference, precise fabrication processes are
required to control strictly the free spectral range (FSR), which
is dependent on the geometry of the microcavities. Moreover,
the current polishing or laser processes in the microcavity pro-
cessing cannot guarantee the accuracy of the fabrication [26]. In
addition, the frequency locking system of the dual microcavities
would be more complex. The method of generating two combs
from a single microcavity is employed. By combining Kerr
and Brillouin nonlinearities in an over-modal microcavity, the
dual-comb modes are selected, the repetition rate difference
of a dual-comb pair could be flexibly switched, ranging from
8.5 to 212 MHz [27]. Furthermore, via exciting the intracavity
Brillouin laser in a high Q monolithic fiber resonator, a pair
of orthogonal Kerr soliton combs is generated, which share the
same repetition due to the soliton trapping but different central
wavelengths [28]. For simplicity, in such experimental setup,
only one pump is used, and its frequency shifts by the use of an
electro- or acousto-optic modulator [29]. Thus, in a microcavity,
clockwise and counter-clockwise modes, which are in the same
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operating regime, are excited simultaneously [30], [31]. Taking
advantage of the cross-phase modulation (XPM) effect, only
a small frequency difference between the dual combs can be
achieved [32].

For a single microcavity, coherent dual combs with significant
repetition frequency differences can be generated by pumping
different spatial modes, which are in the same direction. The
resonant frequencies of the two modes, which are determined
by the structure and dispersion of the microcavity, are identical.
Moreover, another pumping method is proposed. The microcav-
ity is pumped by two independent lasers, whose polarizations
are completely orthogonal [33], [34], [35]. This setup allows for
the excitation of two modes inside the microcavity. In previous
studies, only soliton formation with dual pumps was discussed
[36]. The resonant frequencies of the two modes, which are
determined by the structure and dispersion of the microcavity,
are identical. However, because the parameters of the two pumps
can be set individually, the detuning of the two modes is different.
Thus, the dual propagating modes can operate in various states.
It results in the formation of two combs in the microcavity,
whose repetition frequency differences can reach a wider range
of several FSRs. Accordingly, with the help of the separate
control of the two pumps, a large repetition frequency difference
between the dual combs can be achieved.

In this paper, detuning regulation facilitates the excitation of
different forms of the field distributions of a double-pumped mi-
crocavity. To study the effect of specific detuning parameters, the
theoretical model of coupled Lugiato–Lefever Equation (LLE)
is introduced. The frequency of one of the pumps is regulated,
the other pump frequency is keep constant, the evolutions of
the dual fields with orthogonal polarization are demonstrated.
Consequently, the dual Turing patterns can appear at the same
time, and more meaningfully, the two fields can exhibit solitons
and Turing patterns simultaneously. Furthermore, to obtain sta-
ble fields, the influence of detuning regulation speed on spatial
and temporal evolution is discussed. Properly fast detuning
facilitates stable field evolutions, whereas slow detuning can lead
to solitons and Turing patterns drift. For the desirable situation
of coexistence of solitons and Turing patterns, the original fields
can be sustained by abruptly changing the detuning parameters.
The result of detuning mutation is small, and the original field of
the coexistence of solitons and Turing patterns remains constant.
Moreover, the large variation value of the detuning parameter
leads to dual solitons. The results of this paper are important for
studying the fields in a double-pumped microcavity. It provides
a new approach to excite dual combs with a large difference in
repetition frequency by use of a single microcavity.

II. THEORETICAL MODEL

In conventional optical microcavities with a single pump, the
formation of the frequency combs inside the microcavities is
typically characterized by the well-known LLE [37], [38]. In
this theoretical model of the microcavities, the frequency of
the pumping mode is ω0. Hence, the resonant frequencies of
the μ-th mode ωµ can be described as the following Taylor

Fig. 1. Illustration of an orthogonally polarized double-pumped microcavity.
The two pump modes are TM mode and TE mode, and XPM plays an important
role between the dual propagating fields.

expansion [39]:

ωµ = ω0 +D1μ+
1

2
D2μ

2 + . . .+
1

n!
Dnμ

n + . . . (1)

where D1 is the intermodal angular frequency or FSR of the
microcavities, and D2 is the second-order dispersion coefficient.

In a double-pumped microcavity, the simulation model is
exhibited in Fig. 1. For the excitation of dual combs that can
be distinguished, dual pumps with orthogonal polarization are
employed. They are TE modes and TM modes, which are
marked as pumps A and B, respectively. The resulting fields
are referred to as fields A and B. The dual propagating fields
inside microcavity interact via XPM effects [40].

With the interaction of two fields, dual frequency combs can
be established in the microcavities. To describe the evolution of
the dual frequency combs, two coupled LLEs are introduced,
in which the dual complex fields A and B with orthogonal
polarizations are expressed as follows [36]:
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= − (1 + iαA)A+ iβA

∂2A
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+ i
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)

×A+ γ
∂A

∂φ
+ FA (2)
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)

×B − γ
∂B

∂φ
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where φ is the azimuth angle of the microcavities, τ is the slow
time, α∗ is the detuning parameter, β∗ = −2D2∗/Δωtot relates
to the dispersion parameter, Δωtot is the total line widths, σ
represents the XPM coefficient, γ = (D1b−D1a)/κ, κ is the
microcavity decay, and F∗ is the intensity of the dual pump.
The symbol (∗) represents A or B. By solving (2) and (3), the
evolution of the dual fields A and B in the microcavities can be
obtained separately.

III. DUAL FREQUENCY COMBS WITH DETUNING REGULATION

In general, the frequency combs can be excited only when
the frequency detuning satisfy certain conditions, which are
dependent on the material and structure of the microcavities [38],
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Fig. 2. Temporal and spectral evolutions of the dual combs in the regulation
of detuning parameter αB. The four diagrams in the same vertical row represent
in turn the temporal distribution of the first field A, the spectrum evolution of
the first field A, the temporal distribution of the second field B, and the spectrum
evolution of the second field B. (a) αA = −1.2, (b) αA = 0.4, (c) αA = 2.2,
and (d) αA = 2.6.

[39]. In practice, for the sake of the frequency comb formation,
frequency detuning is usually regulated by means of scanning
the pump wavelength [43], [44].

In our simulation, the detuning of the first pump wavelength
remains constant during the second pump wavelength scanning.
Then, for the detuning parameters, αA is a fixed value, and
αB scans with time. For the excitation of the field, we chose
to artificially inject a soliton pulse. Thus, the initial field in
microcavities is supposed to be a weak Gaussian pulse. In
addition, the simulation parameters are configured as βA = βB

=−0.05, γ = 0.01, FA =FB = 1.5, and σ= 2/3 because of dual
pump modes with orthogonal polarizations [45]. The detuning
parameter αB is scanned in the range of −2 to 5; αA is taken as
−1.2, 0.4, 2.2, and 2.6.

The spatial and temporal evolution of the dual combs are
demonstrated in Fig. 2. The magnitude of detuning parameterαA

affects the evolution of the dual fields. In Fig. 2(a-1)–(a-4), due
to the strong negative detuning of the first field (αA = −1.2),
both fields only briefly experience Turing patterns during the
regulation of αB. The dual fields have a similar form, but the
larger detuning of the A leads to its greater loss and weaker
power than field B. The region where the Turing patterns emerge
corresponds to αB in an approximate range of 1.5 to 3.2. In the
corresponding spectral region, combs with 10 mode intervals
is obtained. When field A is in the weaker positive detuning
state (Fig. 2(b-1)–(b-4), αA = 0.4), both fields develop stable
Turing patterns. However, as αB detuning increases, field B
evolves into a weak Turing pattern, which is not evident in
the time domain diagram (Fig. 2(b-3)) but can be seen in the
spectrogram. In Fig. 2(b-4), the trip number exceeds the range
of 1.5 × 105, and the presence of widely spaced combs in the
spectrum indicates that Turing patterns still persist at this time.
Field A still maintains visible Turing patterns, but the pulse
position shifts uniformly with time, which is attributed to the

Fig. 3. Evolutions of A and B fields and spectra withαB=2.4 andαA scanning
range of −2–5. (a-1) Temporal evolution of field A, (a-2) Spectral evolution of
field A, (b-1) Temporal evolution of field B, and (b-2) Spectral evolution of
field B.

relatively large difference in detuning between the dual fields
in this time period. In Figs. 2(c-1)–(c-4), αB further increases,
and the field evolutions present some irregular pulses due to
the enhanced modulation instability effect of the dual fields.
Owing to the larger value of αA, the greater amount of αB

near the end of the loop leads to a weaker Turing patterns
strength in field A and an eventual weak DC distribution of field
B. In Fig. 2(d-1)–(d-4), αA is equal to 2.6, and a substantial
phenomenon is generated. Throughout the regulation of αB,
field A consistently maintains a stable single pulse, which is
the notable soliton, and a broadband comb spectrum is derived.
As a result, the nonlinear effects, frequency detuning, pump
gain, intrinsic loss, and coupling effects of the two fields are
balanced for field A. Field B experiences a gradually increasing
field, whose distribution is approximate to Turing patterns. The
position of the intermediate pulse is kept invariant owing to the
coupling effect of field A, and the other pulses drift with time
because of the combined effect of the two frequency detuning.
Similarly, the Turing patterns vanish when the detuning effect
of field B is excessively strong.

Moreover, the field evolution under the effect of αA detuning
is studied. In field evolution (2) and (3), only the positive
and negative signs of one of the terms in the equation differ.
Accordingly, the evolutions of the dual fields are similar to the
results in Fig. 2, and only a distinctive result is presented in
Fig. 3. When αB is 2.4, the scanning range of αA is also −2 to
5, and field A gradually results in Turing patterns from the weak
DC distribution. Nevertheless, field B evolves from the initial
field to a soliton pulse. Eventually, field A is transformed into
a DC distribution under the effect of detuning regulation, and
field B is drifting Turing patterns.

The above investigation discovers that by selecting different
values for one of the pumping wavelengths, various field forms
can be excited during the scanning of the other pump wave-
length. In particular, solitons and Turing patterns can coexist
reliably in microcavities, which has important implications for
the application of microcavities in practice. In the case of dual
pumping, two different comb spectra can be created by use of a
single microcavity, which facilitates frequency synthesis as well
as various precision measurement applications.
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Fig. 4. Evolution of fields A and B at different detuning regulation speeds.
(a-1) (a-2) αB scans at 10x speed, (b-1) (b-2) αB scans at 0.1x speed. The
scanning range is from −2 to 5.

IV. INFLUENCE OF DETUNING REGULATING SPEED ON SPATIAL

AND TEMPORAL EVOLUTION

As a result of the remarkable contribution of solitons, this
paper focuses on the case of soliton existence. The scanning
speed of the pump wavelength still affects the generation of
optical frequency combs. Because if the scanning speed is
relatively fast, the nonlinearities, dispersion, losses and coupling
in the microcavity do not have time to reach equilibrium, and
the optical field will become irregular due to excessive detun-
ing. Conversely, when the pump wavelength is scanned slowly,
the various effects within the microcavity have time to reach
relative stability. In other words, although the final detuning
is the same, the strength of the nonlinear, dispersion, coupling
and other effects in the intermediate processes are all different.
Therefore, the influence of detuning regulating speed on spatial
and temporal evolution needs to be studied.

Based on the simulation results in Fig. 2(d-1) and (d-3), in
which the solitons in field A are always continuously maintained
throughout the detuning regulation, the influence of detuning
regulating speed on spatial and temporal evolution is researched.
The value ofαA remains 2.6 in Fig. 2(d), and the scanning range
ofαB is still−2–5. The values ofαB are selected as 0.1x and 10x
scan speed, and the evolutions of fields A and B are illustrated
in Fig. 4. The modification of the detuning rate does not affect
the form of the field evolution, although distinctions remain. In
case of 10x scanning speed, field A can consistently have a stable
soliton, which does not undergo spatial drift compared with the
soliton in Fig. 2(d-1). Field B suffers from gradually increasing
Turing patterns and finally converts to a DC distribution due to
detuning overload. When 0.1x scanning speed is selected, a more
dramatic drift of the pulse is presented in Fig. 4(b-1) compared
with that in Fig. 2(d-1). For field B, the superposition of Turing
patterns and solitons evolve from the drifting Turing patterns.
Finally, analogous to Fig. 2(d-1), when the solitons in the optical
field B vanish, a drifting soliton pulse is generated in field A.
According to our findings, to maintain the coexistence of Turing
rings and single soliton, the scanning speed of αB needs to be
controlled between 0.89x and 1.26x speed. Consequently, the
appropriate fast scanning facilitates the formation of invariant
solitons in the microcavities.

Fig. 5. Regulated results of soliton. The four diagrams in the same vertical row
represent the temporal evolution of field A, the temporal evolution of field B, the
final field distributions of fields A and B, and the ultimate spectra of fields A and
B. The dashed yellow lines indicate the moment when αB suddenly changes.
The values of αB after the sudden modification are (a) αB = 1, (b) αB = 2,
and (c) αB = 3, separately.

V. SUSTAINING AND REGULATION OF THE SOLITON

Based on the above analysis, detuning regulation is beneficial
for excitation of solitons in microcavities with dual pumps, but
after the solitons are activated, sustaining the solitons is a critical
issue. When the soliton is developed, the detuning parameter is
fixed at a specific value that enables sustaining the stability of the
fields in microcavities. The fixed value of detuning is different,
and the resulting stable fields are not the exact same. It is also
still based on the results of Fig. 2(d-1)–(d-4) to investigate how
to maintain the soliton.

In Fig. 2(d-1)–(d-4), during the detuning when the trip number
is equal to 1.2 × 105, the state of field A is a soliton, and field
B is Turing patterns. At this point, the value of αB scans to 2.2.
Then, the value ofαB is suddenly replaced by a specific amount,
which determines the subsequent form of the fields. When αB

mutates to 1, the variation of fields A and B is illustrated in
Fig. 5(a-1) and (a-2), where the dashed yellow lines correspond
to the moment when αB suddenly changes. Fig. 5(a-3) and (a-4)
are the field distributions and the corresponding spectra at the
terminal moment, respectively. After αB is fixed at 1, field B
evolves into more visible Turing patterns, which contain eight
identically spaced pulses. Field A is still a drifting soliton, whose
shift speed is the same as that of the Turing patterns in field B. In
correspondence to the spectrum, optical field A is a broadband
comb spectrum. The spectrum of field B has eight mode intervals
between two adjacent peaks.

In Fig. 5(b-1)–(b-4), αB is abruptly changed to 2. As a result
of the coupling effect between the two pump modes, field A
turns into stepped solitons, which also affect the distribution
of Turing patterns in field B. The drifting pulses in field B are
interrupted by solitons, which leads to an irregular spectrum.
When the value of αB changes to 3, an interesting consequence
is generated, which is shown in Fig. 5(c-1)–(c-4). Dual identical
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stable solitons appear, and two sets of broadband combs spectra
are in the microcavities. But there’s a slight difference in the
intensity of the two pulses. The pulse peak in field A is slightly
higher than in B.

The above analysis proves that the detuning parameters
abruptly change during the detuning, which is able to regulate
the existing fields. In the regulation of available soliton and
Turing patterns, the detuning parameter is adjusted to a smaller
value, and the original fields remain unchanged. However, the
large variation value of the detuning parameter contributes to the
generation of two solitons. The changed detuning parameter is
close to the original value, and field B becomes a superposition
of solitons and Turing patterns due to the coupling effect.

VI. CONCLUSION

In conclusion, a microcavity pumped by dual lasers with
orthogonal polarization can generate dual-frequency combs, and
detuning regulation is beneficial for the excitation of different
forms of dual field distributions. Therefore, based on coupled
LLE, the field evolutions in a double-pumped microcavity are
investigated theoretically. The wavelength of one of the dual
pumps is scanned, that is, the detuning parameter of one field
mode is regulated separately. A detuning range from −2 to
5 is selected. By determining different values for the other
detuning parameter, various field evolutions can be obtained.
Consequently, dual Turing patterns can appear and disappear
simultaneously. More notable is that solitons and Turing patterns
can coexist reliably in a microcavity, which facilitates frequency
synthesis as well as various precision measurement applications.

The influence of detuning regulation speed on spatial and
temporal evolution is also discussed. Based on the results of the
coexistence of solitons and Turing patterns, the scan of detuning
is changed to 10x speed, and more stable field distributions
without drift are achieved. Scanning at 0.1x speed, the drift
of the fields are more dramatic. Hence, properly fast detuning
facilitates a stable field evolution.

To maintain the simultaneous presence of solitons and Turing
patterns in the microcavity, the method of suddenly stabilizing
the detuning parameter to a certain value is used. During the
detuning process, the detuning parameter is abruptly changed
to a fixed value after the solitons and Turing patterns generate.
The result of detuning mutation is small, the original field of the
coexistence of solitons and Turing patterns remains constant,
and the large variation value of the detuning parameter leads
to dual solitons. These research results promote the remarkable
development of a double-pumped microcavity.
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