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Octave-spanning frequency comb generation in microresonators is promising, but strong spectral losses caused by
material absorption and mode coupling between two polarizations or mode families can be detrimental. We
examine the impact of the spectral loss and propose robust comb generation with a loss of even 300 dB/cm.
Cavity nonlinear dynamics show that a phase change associated with spectral losses can facilitate phase matching
and Kerr comb generation. Given this unique capability, we propose a novel architecture of on-chip spectroscopy
systems. © 2017 Chinese Laser Press
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1. INTRODUCTION

Frequency comb generation in a microresonator has attracted
a great deal of attention from the nonlinear optics community.
It holds great potential to build compact devices for commu-
nication, frequency metrology, signal processing, and spectros-
copy [1,2]. Combining highly nonlinear materials, broadband
dispersion tailoring and advanced device fabrication for a high
Q-factor promise octave-spanning Kerr comb generation [3–8],
desirable for frequency metrology and spectroscopy. However,
across such a wide band, there could often be loss mechanisms
over a relatively narrow spectral region, including material absorp-
tion due to chemical bonds and impurities [9], mode coupling
between polarization states [10], and mode-family crossing of the
fundamental mode with a lossy higher-order mode [11,12].
The effects are deemed detrimental, causing spectrally localized
Q-factor degradation, distorting mode-locked comb spectra,
and limiting comb spectral broadening. However, there is little
reported on how severe the problem is and how to mitigate it.

Here, we find that a strong and localized spectral loss may
completely stop the generation of broadband mode-locked
Kerr combs, depending on the loss bandwidth and location.
We show how to eliminate the impact of strong spectral loss
for stable generation of mode-locked Kerr combs with
1 THz wide spectral loss, up to 300 dB/cm, and corresponding
nonlinear cavity dynamics are analyzed. With such robust

comb generation, we propose a novel architecture of on-chip
spectroscopy systems.

2. MODELING

We consider an Si3N4 microresonator as an example for Kerr
comb generation. In Fig. 1, the resonator has a free spectral
range (FSR) of 200 GHz, and the ring waveguide is
1680 nm × 730 nm, which is on a 3 μm SiO2 substrate and
coated by SiO2. A bus waveguide is used to couple a pump
into the cavity. Propagation loss is 0.2 dB/cm, and the coupling
coefficient is 0.0037, which is in a slightly overcoupled regime,
corresponding to a cavity Q-factor of 6 × 105. The dispersion
property is shown in Fig. 2(a), which has two zero-dispersion
wavelengths located at 1260 and 1620 nm, and we use a pump
power of 700 mW at 1420 nm, which is almost the center
of the anomalous dispersion region, where the dispersion is
−0.014 ps2∕m, and the nonlinear coefficient is 0.96 m−1 ·W−1.
The parameters used here are typical and can be easily achieved
in Si3N4 microresonators in practice [6,13,14].

To simulate Kerr frequency comb generation, we use the
Lugiato–Lefever equation as follows [7]:�
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where A � A�τ; t� and Ain are the intracavity field and the in-
put pump field (pump power Pin � jAinj2), respectively. τ and
t are the fast and slow times, respectively. τ0 is the round-trip
time, and δ0 is the cavity phase detuning. α is the power loss per
round trip, and κ is the power coupling coefficient. The all-
order dispersion is used as in Ref. [15]. To add the spectrally local-
ized loss to the device, we introduce a Lorentzian-shaped change
in the imaginary part of the refractive index, determined by the
specified loss value and bandwidth. According to the Kramers–
Kronig relations, as shown in Fig. 1, the real part of the effective
index has an additional change as well. Note that in the following
sections, when we mention “loss,” we actually mean the joint
effects of both loss and its associated phase change.

3. RESULTS AND DISCUSSION

According to the nonlinear cavity dynamics in mode-locked Kerr
comb generation, primary comb lines are first generated due to
phase matching [16], which are responsible for the subsequent
formation of subcombs. The suppression of the primary comb
lines due to spectral loss is deemed detrimental. Thus, we first
investigate the influence of the loss located at one of the nearest
primary comb lines, at 1508 nm. Figure 2(a) shows the obtained
comb, with a strong loss of 300 dB/cm and its full width at half

maximum (FWHM) bandwidth of 200 GHz (i.e., one FSR).
We can clearly see a sharp intensity dip indicating suppression
of comb lines at 1508 nm in the comb spectrum, while there is a
peaking effect close to the dip, as shown in previous experiments
[9]. Note that the comb can still be mode-locked with such a big
perturbation, showing great robustness of the comb generation.
As a result, a cavity soliton can be seen in Fig. 2(b). The distor-
tion of the soliton pulse in the time domain is believed to be
caused mainly by the interference between two strong dispersive
waves. We vary the loss from 3 to 30 and 300 dB/cm at
1508 nm, with the same bandwidth of 200 GHz. All the spectra
can finally evolve into the mode-locked combs. The dip due to
the localized loss becomes deeper with the increased loss from
0.3 to 8 and 24 dB. The comb bandwidth is not narrowed
as the loss increases, showing potential for wideband comb gen-
eration under a big perturbation due to loss.

Next, we vary the bandwidth of the spectral loss with the
loss peak value kept at 300 dB/cm, centered at one of the near-
est primary comb lines at 1508 nm. Figure 3 shows the final
spectra with the loss bandwidths of 200 GHz, 600 GHz,
and 1 THz, i.e., 1, 3, and 5 FSRs, respectively. When the loss
bandwidth is increased to 600 GHz, Kerr comb generation
is significantly disturbed, stopped at the modulational instabil-
ity stage with no mode-locked solitons formed anymore.
Furthermore, when the loss bandwidth is increased to 1 THz,
no comb lines can be generated on the both sides of the pump,
indicating that Kerr comb generation is completely stopped,
and no power is transferred from the pump to new frequencies
via the primary comb lines. From above, we see that the local-
ized loss centered at the nearest primary comb lines with a wide
bandwidth can be very detrimental to Kerr comb generation.
Note that here the localized loss is only added to one side of the
pump, which would be the similar to the case with the loss
added on the both sides, according to the symmetry of the
four-wave mixing process.

In order to minimize the detrimental effect of the localized
strong loss with a wide bandwidth, we examine comb generation

Fig. 1. Si3N4 cavity used for comb generation. The effective
index’s real and imaginary parts are governed by the Kramers–
Kronig relations.

Fig. 2. Spectral loss as large as 300 dB/cm with an FWHM of
200 GHz is added to the primary comb lines closest to the pump.
A mode-locked Kerr comb can be generated in (a), associated with
a cavity soliton in (b). The inset in (a) shows the attenuation profile
of loss peak of 300 dB/cm. The ripples on the pulse pedestal are caused
by beating between dispersive waves.

Fig. 3. Different comb generation processes are seen as the loss
bandwidth increases, with the loss of 300 dB/cm at the nearest primary
comb lines. The corresponding loss profiles are shown in red lines. The
comb is not mode-locked anymore for a loss bandwidth of 600 GHz,
while comb generation is completely stopped for a loss bandwidth of
1 THz.
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by shifting the loss’s peak wavelength away from the nearest
primary comb lines with a step of 1 THz, when the loss is
300 dB/cm and has a bandwidth of 1 THz. In Fig. 4, the dis-
turbance induced by the strong spectral loss can completely stop
the comb generation until shifting the loss peak to 1562 nm,
which is about 7 THz away from the nearest primary comb lines.
Despite the obvious dip caused by the localized loss, mode-
locking as well as wide bandwidth can be both realized with
the loss located at 1562 nm in the formed comb. We also check
the influence on the comb generation, when such a loss is added
on the second nearest primary comb lines at 1608 nm in
Fig. 4(c). Solitons can still be formed with such a perturbation.
It implies that the effective way to eliminate the detrimental
effect of the spectral loss is to properly choose the pump wave-
length to make sure that the nearest primary comb lines are
far enough away from the loss. Once it is satisfied, the comb
spectrum can extend well beyond the lossy region, still being
octave-spanning.

Intriguingly, in contrast to the generated combs in Fig. 2,
where the combs are mostly centered at the pump, one may
note from Fig. 4 that the comb peak is shifted away from
the pump. This is because the spectral loss is viewed as a per-
turbation to cavity soliton formation, and the soliton tends to
adapt itself to survive by self-frequency-shifting away from the
perturbation, similar to the mechanisms revealed in Ref. [15].
One can instead look at Fig. 4 in the following way. When the
spectral loss becomes closer to the pump from Fig. 4(c) to
Fig. 4(b), the soliton spectrum shifts further away. Of course,
the requirement is that the nearest primary comb lines are not
affected much by the loss so that a cavity soliton is successfully
formed. When the loss moves closer to the pump, the primary
comb lines feel strong absorption, which stops soliton forma-
tion, as in Fig. 4(a).

Examining the initial cavity dynamics reveals more details of
the impact of the strong spectral loss, which in turn confirms
the robustness of Kerr comb generation. Figures 5(b) and 5(c)
show the initial cavity dynamics corresponding to the cases in
Figs. 4(b) and 4(c), which are compared to the case without

spectral loss in Fig. 5(a). The comb evolutions at 2, 4, and
6 ns are shown, as the pump laser is red-detuned away from
the cold-cavity resonance by one linewidth (Δ � 1). In
Fig. 5(b), since the primary comb lines are affected by the loss,
new frequency components grow up not exactly at the locations
where the nearest primary comb lines are supposed to be.
Instead, the new frequencies on both sides of the loss obtain
a large gain. It is attributed to a change in the phase-matching
conditions due to the modified real part of the refractive index.
It confirms the robustness of Kerr comb generation. Besides,
from the comparison with no loss in Fig. 5(a), sidebands grow
up faster in Figs. 5(b) and 5(c), indicating the enhancement of
the Kerr comb generation process.

Fig. 4. Mode-locked Kerr combs are obtained as 1 THz wide loss of
300 dB/cm moves away from the pump, beyond the nearest primary
comb lines. This holds even if the loss is at the second nearest primary
comb line.

Fig. 5. Initial cavity dynamics with 300 dB/cm, 1 THz wide loss
located at (b) 1562 and (c) 1608 nm. Compared to the case with no
loss in (a), comb generation is enhanced in (b) and (c).
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It is even more intriguing that the enhancement of initial
power transfer from the pump to the primary comb lines be-
comes more significant as the strong spectral loss moves closer
to the pump. We show the evolution of the average intracavity
power in the initial 20 ns (a few times longer than the cavity
photon lifetime) with the loss located at different frequencies.
Note that all the loss locations are away from the primary comb
lines by >7 THz, so they all finally evolve into mode-locked
combs. In Fig. 6, the intracavity power experiences oscillations
at the first 5 ns and becomes more stable afterwards. Compared
to the case with no loss (dotted line), more power is accumu-
lated in the cavity when the spectral loss is added. In the inset in
Fig. 6, we extract the peak values of the oscillating average intra-
cavity power in each case in the initial 20 ns. When the loss is
moved from 1763 to 1562 nm, closer to the wavelength of the
primary comb lines (1508 nm), the peak value of the initial
average intracavity power monotonously increases from 42
to 59 W and is all above the 31.6 W in the no loss case (dashed
line in the inset). This is because the additional loss is accom-
panied by the refractive index change in its real part, which
improves the phase-matching condition. When we only modify
the imaginary part of the refractive index and keep the real part
unchanged, the power boost does not appear anymore.

The robustness of the comb generation with a strong
spectral loss could profoundly influence the architecture of an
on-chip spectroscopy system. Conventionally, as shown in
Fig. 7(a), a microresonator comb is transmitted through a long
waveguide in a gas chamber or a microfluidic channel to in-
crease interaction length and enhance sensing sensitivity.
This requires a large chip size. Alternatively, one can fold the
long waveguide into a ring cavity in Fig. 7(b) to reduce the
area. However, the FSR difference of the two cavities greatly
reduces the transmission of the comb. Here, the revealed ro-
bustness of mode-locked comb generation with strong localized
absorption paves the way to combine the comb generator with
the sensing part, in which the nonlinear cavity works as a comb
generator and a sensor at the same time. As shown in Fig. 7(c),
this would greatly reduce the chip size and guarantee the comb
transmission as well, leading to a novel architecture of on-chip
spectroscopy systems.

4. SUMMARY

We have shown the impact of the strong spectral loss on Kerr
frequency combs. The comb generation can be either com-
pletely stopped or even enhanced, depending on the loss loca-
tion and its bandwidth. By moving the pump to avoid the
primary comb lines, it is possible to eliminate its detrimental
effect. The revealed robustness of mode-locked comb genera-
tion would lead to a novel architecture of on-chip spectroscopy
systems.
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