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Dual-pumped microring-resonator-based optical frequency combs (OFCs) and their temporal characteristics are
numerically investigated and experimentally explored. The calculation results obtained by solving the driven and
damped nonlinear Schrédinger equation indicate that an ultralow coupled pump power is required to excite the
primary comb modes through a non-degenerate four-wave-mixing (FWM) process and, when the pump power is
boosted, both the comb mode intensities and spectral bandwidths increase. At low pump powers, the field in-
tensity profile exhibits a cosine variation manner with frequency equal to the separation of the two pumps, while a
roll Turing pattern is formed resulting from the increased comb mode intensities and spectral bandwidths at high
pump powers. Meanwhile, we found that the power difference between the two pump fields can be transferred to
the newly generated comb modes, which are located on both sides of the pump modes, through a cascaded FWM
process. Experimentally, the dual-pumped OFCs were realized by coupling two self-oscillating pump fields into a
microring resonator. The numerically calculated comb spectrum is verified by generating an OFC with 2.0 THz
mode spacing over 160 nm bandwidth. In addition, the formation of a roll Turing pattern at high pump powers is
inferred from the measured autocorrelation trace of a 10 free spectral range (FSR) OFC. The experimental ob-
servations accord well with the numerical predictions. Due to their large and tunable mode spacing, robustness,
and flexibility, the proposed dual-pumped OFCs could find potential applications in a wide range of fields,
including arbitrary optical waveform generation, high-capacity optical communications, and signal-processing

systems. © 2017 Chinese Laser Press

OCIS codes: (190.4380) Nonlinear optics, four-wave mixing; (190.4390) Nonlinear optics, integrated optics; (190.4970) Parametric
oscillators and amplifiers; (140.3945) Microcavities.
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1. INTRODUCTION Generally, Kerr OFC is realized by pumping a high-Q

Microresonator-based Kerr optical frequency combs (OFCs)
are an intriguing choice in applications such as arbitrary optical
waveform generation [1] and astronomical spectroscopy [2] due
their essential advantages of compactness, low cost, and espe-
cially their large obtainable mode spacing. Since the first dem-
onstration of Kerr OFC generation from a silica toroidal
microcavity [3], OFCs have been successfully achieved in
various platforms, including doped silica glass [4], aluminum
nitride [5], and silicon nitride [6].
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microresonator with a single continuous-wave (CW) field
that is resonantly coupled into the microcavity. A special de-
generate case of four-wave mixing (FWM) called modulation
instability was found to be the main mechanism for the crea-
tion of the primary comb modes or sidebands, and is the most
important frequency-conversion process in a microresonator
[7]. The interactions of dispersion and Kerr nonlinearity deter-
mine the field profile, frequency span, and stability of the
generated OFC. Nonlinear Schrédinger equation [8,9], modal
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expansion approach [10], and coupled-mode equation models
[11] were used to simulate the formation process and obtain a
better understanding of the OFC formation mechanism.
Meanwhile, the Lugiato—Lefever equation was widely used
as an effective tool to explore the spatiotemporal evolution
of OFCs in microresonators [12,13]. It is worth noting that,
to excite an OFC in a microresonator, a threshold for the intra-
cavity pump field exists when the single-pumped scheme is
adopted. Specifically, only when the power of the intracavity
pump field exceeds the threshold value can an OFC be gen-
erated [13]. Meanwhile, it is found that this threshold is
inversely proportional to Q? [14]. An alternative pump con-
figuration involves simultaneously coupling two CW fields into
the microresonator. Theoretical analyses have revealed that the
dual-pumped configuration allows for OFC generation
through the nondegenerate FWM of the two pump modes even
when the single-pumped configuration would correspond to a
stable CW solution [15]. An additional merit of this pump
scheme is that it provides an additional tuning degree of free-
dom in the form of the modulation frequency, which is much
harder in the single-pumped approach. Up to 10 free spectral
range (FSR, 135.6 GHz) OFC was experimentally obtained in
a whispering gallery mode fluorite resonator using the dual-
pump scheme [16]. However, as a result of the low pump
power, only an OFC with a narrow bandwidth (~16 nm)
was observed. Unlike the cavity-less cases [17,18], it is actually
much more difficult to couple two pump waves into the micro-
cavity simultaneously because of the thermal effects that in-
duce resonance shifting. Evidently, this resonance shifting is
also the main limitation to the generation of broadband
OFCs by further increasing the pump power. Dual-pumped
OFCs with increased bandwidths were demonstrated recently
by injecting two self-oscillated pump fields into a microring
resonator (MRR), and comb spectra with varying mode spacing
were realized [19]. In addition to OFC generation, a dual-
pumped degenerate parametric oscillator was also realized
[20]. Specifically, frequency degenerate signal and idler fields
were produced by coupling two frequency-detuned pump
waves into a silicon nitride microresonator with normal
dispersion.

In this paper, we numerically investigate the characteristics
of dual-pumped OFCs generated from a CMOS-compatible
high-Q MRR. Theoretical analyses are performed by solving
the nonlinear driven and damped Schrodinger equation via
standard split-step Fourier method. The comb spectra and field
intensity profiles at different pump powers are present.
Meanwhile, the effect of intensity difference between the pump
fields is also studied. The numerical predictions, including the
spectral and temporal characteristics of dual-pumped OFCs,
are further verified through the experimentally measured comb
spectra and autocorrelation trace.

2. NUMERICAL SIMULATION AND DISCUSSION

Figure 1(a) shows the dual-pumped OFC generation process.
As shown in the figure, when two pump fields are injected into
an MRR simultaneously, an optical spectrum with a comb struc-
ture can be generated through the FWM process in the MRR.
The energy diagram of the non-degenerate FWM process is
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Fig. 1. (a) Schematic diagram of dual-pumped OFC generation sys-
tem. The two pump fields are coupled into a four-port MRR through
the input port, and the generated OFC is measured at the drop port.
(b) Energy diagram of non-degenerate FWM in the MRR.

shown in Fig. 1(b). Compared with the degenerate FWM proc-
ess in the single-pumped case, the non-degenerate FWM is
expected to be much more efficient as a result of the simulta-
neously injected pump fields and increased pump power. The
microresonator reported here is a passively integrated, four-
port, high-index doped silica glass MRR with FSR of
49 GHz and Q factor of ~1.45 x 10° at 1550 nm [19].
Theoretically, field evolution and OFC generation from a
dual-pumped microresonator can be described using the
mean-field driven and damped nonlinear Schrédinger equation

given by [17]
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Here, A (z, 1) is the slowly varying envelope of the total intra-
cavity field. The slow time parameter 7 describes the evolution
of the intracavity field over successive round-trips and the fast
time scale # describes the temporal profile of the field. a =
(a;L + T,)/2 is the loss per cavity round-trip including the
intrinsic and coupling loss. The parameter &, represents the
average phase detuning of the two pumps. The second item
on the right-hand side of Eq. (1a) describes the intensity-
dependent nonlinear Kerr effect with y being the nonlinear
parameter. The second-order or group-velocity dispersion
(GVD) is represented by the parameter f,. Parameters 7y,
L, and T, are the cavity round-trip time, cavity length, and
power coupling coefficient, respectively. The pump fields are
expressed by Eq. (1b) and, in order to reflect the power differ-
ence between the two pumps, we introduce an additional
parameter 7. The total pump power in the straight coupling
waveguide is denoted by P. The angular frequencies, together
with the average frequency of the two pump fields, are
expressed by the parameters w,;, w,;, and w.

The field evolution and multi-FSR Kerr OFC generation is
studied by numerically solving Eq. (1a) based on the physical
parameters of the MRR listed in Table 1. The dispersion
property of the MRR is investigated by considering both
the material dispersion and ring-cavity-induced waveguide
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Table 1. Physical Parameters of the MRR

Item Symbol Value
Quality factor Q 1.45 x 10°
Cavity length L 3.72 mm
Mode field area A ~4.8 pm?
Mode linewidth K ~134 MHz
Refractive index 7 1.6

FSR FSR 49 GHz
Finesse F ~367
Nonlinearity V4 110 W' km™!
GVD b -25 ps?/km
Linear propagation loss ag ~0.06 dB/cm
Power coupling coefficient T. 1.2x 1072

Note: the parameters are accurate for 1.55 pm wavelength.

dispersion. The calculated GVD curve is shown in Fig. 2 and
the MRR shows anomalous dispersion at pump wavelengths of
around 1560 nm. Figure 3 presents the calculated field inten-
sity profiles and their corresponding comb spectra. In order to
compare them with the experimental results, the wavelengths of
the two pump fields are set as 1551.26 and 1567.54 nm, cor-
responding to a frequency separation of 40 FSR. The GVD
parameters of -25.25 and -27.63 ps?/km are inferred from
Fig. 2. The single-pumped case (» = 0) is also shown for
comparison. As shown in Fig. 3, when the pump power in
the coupling waveguide is 8 dBm, no comb spectrum can
be formed and the initial field evolves to a stable homogeneous
state in the single-pumped situation. This is because, for the
selected pump strength, the intracavity field intensity is well
below the threshold of modulation instability and the MRR
supports only a homogeneous CW state. On the contrary,
when a second pump field with a central wavelength of
1567.54 nm is introduced, a spectral profile with a comb struc-
ture is generated through the non-degenerate FWM process in
the MRR. When the pump power is further boosted, both the
spectral bandwidth and intensities of the comb modes increase.
Meanwhile, at low pump powers, the field intensity profile ex-
hibits a cosine variation manner, with the frequency equal to
the separation of the two pumps. This is because the intensities
of the newly generated comb modes, which are located on both
sides of the two pumps, are much smaller than those of the
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Fig. 2. Calculated GVD curve of the MRR used in the experiment.
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Fig. 3. Numerically calculated 40 FSR comb spectra (left column)
and field profiles (right column) at different pump powers. For clear
viewing, only a part of the field profile is shown at each pump power. A
cosine fit to the field intensity profile is exhibited as the blue circles.

pump modes. Therefore, the temporal pattern is mainly deter-
mined by the beating of the two pump fields. As a result of
increased spectral bandwidth and comb mode intensities,
the field profile deviates gradually from the cosine variation
manner and exhibits as a roll Turing pattern [13] with the fur-
ther increase of pump power. Moreover, the effect of power
difference between the two pump fields is also studied by
changing the value of parameter » during the calculation proc-
ess. It is found that the intensity difference of the pump modes
can be transferred to the newly generated comb modes through
a cascaded FWM process. In addition, it is worth mentioning
that the adopted pump powers during the calculation process
are below the optical parametric oscillation (OPO) threshold,
which is around 22 dBm [19].

3. EXPERIMENTAL RESULTS

Figure 4 exhibits the experimental setup of the dual-pumped
OFC system. As shown in the figure, the four-port MRR is
simply embedded in a fiber loop cavity containing an
erbium-doped fiber amplifier (EDFA) acting as the gain
medium, a polarization controller (PC) controlling the field
polarization in the laser loop, a programmable filter, and a delay
line. The programmable filter with 0.4 nm bandwidth is a com-
mercial WaveShaper produced by Finisar. In our experiment,
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Fig. 4. Schematic diagram of the self-locked and dual-pumped
OFC generation system. ISO, isolator; DL, delay line; D-PBF, dual
passbands filter; OSA, optical spectrum analyzer; PM, power meter.

it was used as a dual-band bandpass filter with the center wave-
length tunable. The delay line, together with the PC, was em-
ployed to control the phase of the main cavity modes relative to
the MRR modes, similar to filter-driven FWM mode-locked
lasers [21]. The MRR was fabricated using a CMOS-
compatible process [22,23] and pigtailed using a standard fiber
array with less than 1 dB/facet coupling loss. In the OFC-
generation experiment, the device acted as both nonlinear
medium for cascaded FWM generation and finesse filter to
select the pump wavelengths together with the programmable
filter. The total power of the dual pump fields at the input port
of MRR was monitored by a power meter, and the generated
OFC was measured by a series of devices at the drop port of the
MRR through a splitter. The total length of the main laser
cavity is about 27 m, yielding an FSR of ~7.8 MHz.

In our experiment, the dual-pumped configuration was real-
ized using the programmable filter. For simplicity, the central
wavelength of one passband is fixed at 1567.53 nm. The power
of the two pump fields was adjusted by tuning the gain of the
EDFA. Once the pump fields oscillated stably in the MRR, two
new frequencies were symmetrically excited on both sides of the
pump modes through the non-degenerate FWM process. More
and more comb modes were generated successively through
cascaded FWM processes with the further increase of pump
power. As an example, Fig. 5 shows the measured 10 FSR
mode-spacing comb spectrum with an over 200 nm wavelength
span when the pump power in the straight coupling waveguide
reaches ~22 dBm. The pump wavelengths and mode spacing
are 1563.5 nm, 1567.54 nm, and 0.5 THz, respectively. In
addition, it can be inferred from the autocorrelation trace
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Fig. 5. Experimentally measured (a) 10 FSR comb spectra and
(b) the corresponding autocorrelation trace.
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Fig. 6. (a) 40 FSR comb spectra. The experimentally measured and

numerically calculated comb spectra based on Eq. (1a) are represented
by the black solid and red dashed lines, respectively. (b) MRR output
temporal intensity waveform measured with a fast photodetector. The
inset shows the details of the temporal waveform resulting from the
supermode beating.

shown in Fig. 5(b) that the field intensity profile exhibits as
a roll Turing pattern.

In order to facilitate comparison with the numerically cal-
culated comb spectrum, an OFC with large mode spacing was
also realized in the experiment by varying the frequency sep-
aration of the two pump fields. Explicitly, Fig. 6(a) shows
the measured and calculated 40 FSR (2 THz) mode-spacing
comb spectra with an over 160 nm bandwidth. In this case,
the pump power in the straight coupling waveguide is around
18 dBm and the pump wavelengths are 1551.26 and
1567.54 nm, respectively. A value of 0.4231 for the parameter
r was inferred from the experimentally measured comb spec-
trum and adopted in the calculation to describe the effect of
the intensity difference between the two pump fields. As shown
in the figure, the calculated comb spectrum accords well with
the experimental observation. Moreover, it should be men-
tioned that the main laser works in a classic Q-switching regime
driven by supermode beating [24]; the measured MRR output
intensity waveform is presented in Fig. 6(b). In this regime, on
the one hand, supermode instability occurs because more than
one main cavity mode can oscillate simultaneously within each
MRR resonance, and the research results of the OPO process in
an MRR showed that this instability may have an effect on
enhancing the peak intensity of the intracavity optical field
that, in turn, results in a stronger nonlinear process in the
MRR [4]. On the other hand, to eliminate this supermode
instability, improving the Q factor of the MRR or shortening
the main cavity length until only one main cavity mode is
allowed to oscillate within each MRR resonance are each ex-
pected to be effective methods for making the OFCs work
in a more stable regime [19].

4. CONCLUSION

Temporal and spectral characteristics of dual-pumped MRR
OFCs are investigated numerically and verified experimentally.
Compared with single-pumped schemes, primary comb modes
can be excited at a low pump power through nondegenerate
FWM in the MRR. As a result of the high-intensity contrast
between the pump fields and newly generated comb modes, the
temporal field intensity profile exhibits a cosine variation man-
ner at low pump powers. Instead, when the pump power in-
creases, a roll Turing pattern forms as a result of the enhanced
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comb mode intensities and frequency bandwidths. Meanwhile,
it was found that the intensity difference between the symmet-
rically generated comb modes originates from the power differ-
ence of the two pump fields. When the pump power levels are
below the OPO threshold, the calculated comb spectra based
on Eq. (1a) accord well with the experimentally measured ones.
In addition, the measured autocorrelation trace indicates that
the field intensity profile deviates from a cosine variation man-
ner, and a roll Turing pattern forms at high pump powers.
Compared with a previously reported bichromatic pumping
scheme [16], much higher pump power and thus a broad comb
spectral bandwidth was achieved by using the self-oscillated
scheme. Meanwhile, an alternative method to vary the mode
spacing of microresonator-based Kerr frequency combs is
through intentionally introduced mode interaction with a con-
trollable location. Based on the coupled-microring structure,
the frequency location of the mode interaction and comb mode
spacing was changed by adjusting the integrated heater power
of the auxiliary microring [25]. Compared with the self-locked
dual-pump method presented here, a higher pump power and
precise control of the heat power was required. The stability of
the reported OFCs can be further improved by shortening the
main laser cavity length to suppress the supermode instability.
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