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Octave-spanning optical frequency comb (OFC) generation has achieved great breakthroughs and enabled
significant applications in many fields, such as optical clocks and spectroscopy. Here, we demonstrate octave-
spanning OFC generation with a repetition rate of tens of GHz via a four-wave mixing (FWM) effect seeded by a
dual-mode microcavity laser for the first time, to our knowledge. A 120-m Brillouin nonlinear fiber loop is first
utilized to generate wideband OFCs using the FWM effect. Subsequently, a time-domain optical pulse is shaped
by appropriate optical filtering via fiber Bragg gratings. The high-repetition-rate pulse train is further boosted to
11 pJ through optimal optical amplification and dispersion compensation. Finally, an octave optical comb span-
ning from 1100 to 2200 nm is successfully realized through the self-phase modulation effect and dispersion
wave generation in a commercial nonlinear optical fiber. Using dual-mode microcavity lasers with different mode
intervals, we achieve frequency combs with octave bandwidths and repetition rates of 29–65 GHz, and demon-
strate the dual-mode lasing microcavity laser as an ideal seeding light source for octave-spanning OFC
generation. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.462644

1. INTRODUCTION

Optical frequency combs (OFCs) provide a time and frequency
reference of optical waves and microwaves [1,2], which are
powerful techniques in modern science and technology, such
as optical clocks [3–5], spectroscopy [6–8], and distance mea-
surements [9,10]. OFCs with repetition rates of 10 GHz and
higher are required for applications of coherent optical commu-
nications [11,12], arbitrary waveform generation [13–15], and
calibration of astronomical spectrometers [16]. In addition,
high-repetition-rate OFCs have the advantage of accessible
individual comb teeth, suitable for increasing the power per
comb tooth to facilitate a high signal-to-noise ratio (SNR)
[17,18]. Also, a tunable repetition rate makes OFCs more flex-
ible in different applications. For example, flexible OFCs more
easily meet the different channel spacings of massive parallel
optical transmission [19]. Furthermore, multi radio-frequency
(RF) signals with ultralow phase noise can be achieved via tun-
able OFCs [20]. Traditional mode-locked femtosecond lasers
have a comb spacing of less than 1 GHz owing to a limited
cavity length [21–23]. By using a tightly designed cavity, a
10-GHz OFC with a spectral range of 350 THz was realized
in a Ti:sapphire laser [24]. However, long-term stable Kerr-lens
mode-locking is a challenge for this design. Additionally,

continuous-wave-driven optical microresonators are investi-
gated widely to provide direct octave-spanning OFCs with a
repetition rate up to THz [25–27]. Frequency combs based
on cavities have a disadvantage that the repetition rate is not
easily tunable. Subsequently, electro-optical modulation of a
continuous wave is proposed to generate flexible OFCs with
a tunable repetition rate of 10–30 GHz [28–32]. Recently, oc-
tave-spanning OFCs based on this scheme have been produced,
and their phase coherence control and low-noise performance
have been verified [33,34]. However, cascaded optical modu-
lators are needed to enlarge the spectral range of OFCs due to
the limited RF power of the microwave source, which increases
system insertion loss and complexity.

Alternatively, the cascaded four-wave mixing (FWM) effect
in highly nonlinear fibers (HNLFs) seeded by two continuous
waves is another approach to generate high-repetition-rate
OFCs with a flexible comb spacing and simple architecture
[35–37]. To effectively broaden the comb spectrum, dispersion
management techniques have been extensively studied and
demonstrated for narrow pulses and wideband OFC generation
[38–40]. By appropriately designed optical nonlinearity and
dispersion, OFCs with a spectral range of more than
300 nm have been achieved [39]. Moreover, flat OFCs with
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a power ripple of less than 6 dB in a 150-nm range were also
demonstrated via this approach [40].

However, octave-spanning OFCs have not been realized via
the FWM effect with dual pumps. This is attributed to two
major challenges. First, stimulated Brillouin scattering (SBS)
depletes the external pump light and limits the bandwidths
of OFCs when the pump power reaches the threshold of
the effect [41]. To solve this problem, a dual-wavelength
Brillouin laser cavity was proposed to facilitate the Brillouin
effect and enhance the FWM effect in the loop, resulting in
high SNRs and narrow linewidths of comb lines [42].
Temporal cavity solitons and optical comb generation were in-
vestigated in a Brillouin laser cavity using the seeding sources of
two external-cavity semiconductor lasers [43]. Furthermore, a
frequency comb with a repetition rate of 76 GHz and band-
width of 130 nm was realized using a Brillouin laser cavity with
the seeding source of a dual-mode microcavity laser [44].
Second, an optical pulse at tens of GHz repetition rate has
a limited pulse energy and is hard to give rise to a wideband
spectrum. To obtain high peak power, an optical amplification
and pulse shaping stage is crucial. Line-by-line pulse shaping is
usually needed for spectral reshaping via a wave shaper, which
increases cost and complexity [45].

Here, a flexible and simple approach is proposed to generate
wideband OFCs by using a compact dual-mode seeding source.
To the best of our knowledge, we demonstrate for the first time
octave-spanning OFC generation via the FWMeffect seeded by
a dual-mode microcavity laser. This scheme has two advantages.
First, a compact dual-mode semiconductor laser diode pumped
SBS laser cavity gives rise to efficient and flexible OFC gener-
ation. The comb spacing is determined by the mode interval of
the microcavity laser instead of two external discrete lasers in
Refs. [35,36]. In addition, FWM efficiency is leveraged via a
nonlinear fiber loop, as demonstrated in Refs. [42–44].
Second, a high-energy pulse is achieved through an optical am-
plifier and fiber Bragg grating (FBG) assisted pulse shaping. A
complicated line-by-line shaping stage is avoided for system ro-
bustness and simplicity.

In this paper, octave-spanning OFCs with repetition rates of
29 to 65 GHz are achieved via the scheme. The nonlinear SBS
loop is pumped by a dual-mode microcavity laser spaced at
50 GHz to generate a frequency comb with a bandwidth of
80 nm and more than 200 comb teeth. Wideband FBGs
are adopted to suppress the pump light to narrow the optical
pulse width from 6 to 1.6 ps. The amplified pulse is further
narrowed to 379 fs via dispersion compensation after the

erbium-doped fiber amplifier (EDFA) with a pulse peak power
of 29.1 W. Finally, an octave-spanning OFC is realized with a
spectral range from 1100 to 2200 nm by utilizing the self-phase
modulation effect and dispersion wave generation in a commer-
cial HNLF. Furthermore, octave-spanning frequency combs
with repetition rates of 29, 50, and 65 GHz are generated using
square microcavity lasers with different side lengths, which veri-
fies the tunability of the proposed system. Beat frequencies of
different spectral ranges of the OFC with narrow linewidths
and low relative intensity noise (RIN) indicate a good coher-
ence of the OFC. The proposed octave-spanning OFC has the
potential to realize tunable mode spacing by using a tunable
microcavity laser [46]. In addition, the obtained octave-span-
ning OFCs have a total power of more than 250 mW owing to
the low loss in the commercial HNLF. The high optical power
benefits the applications of optical sensing and optical coher-
ence tomography.

2. EXPERIMENTAL SETUP

A schematic diagram of the octave-spanning OFC generator is
shown in Fig. 1, which is composed of a seed source, a Brillouin
fiber loop, and a nonlinear spectral broadening process. The
output of the microcavity laser is coupled into a single-mode
fiber (SMF) as a dual-wavelength light source. The coupled
light is pre-amplified to 10 dBm by the low-power EDFA1,
and passes through an optical bandpass filter (OBPF) to filter
out unwanted side modes and amplified background noise. The
filtered output light is amplified by the high-power EDFA2 and
coupled into the Brillouin fiber loop as the pump light, where
the pump light passes through a 120-m HNLF1 after entering
an optical circulator (CIR). The zero-dispersion wavelength,
dispersion slope, and nonlinear coefficient of the HNLF1
are 1535 nm, 0.017 ps∕�nm2 km�, and 10.8 W−1 km−1, re-
spectively. When the pump power exceeds the Brillouin thresh-
old, the SBS effect occurs and backward Stokes waves are
generated. A polarization controller (PC) is used to adjust
the polarization of the Stokes waves to achieve the largest
Brillouin gain in the loop. The resulting Stokes waves cycle
counterclockwise to lower the Brillouin threshold and improve
FWM efficiency. As a result, a broadband Brillouin frequency
comb with a high SNR is generated. It is worth noting that the
repetition rate of the generated Brillouin OFC is equal to the
mode interval of the dual-mode square microcavity laser. Then
the Brillouin OFC is emitted from the 10% port of the 10-dB
optical coupler (OC).

Fig. 1. Schematic diagram of the proposed octave-spanning OFC generator. EDFA, erbium-doped fiber amplifier; OBPF, optical bandpass filter;
CIR, optical circulator; HNLF, highly nonlinear fiber; PC, polarization controller; OC, optical coupler; FBG, fiber Bragg grating.
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An octave-spanning OFC with a high repetition rate is dif-
ficult to obtain owing to the low peak power of the optical
pulse. Hence, the pulse width needs to be compressed for wide-
band OFC generation. The intensity of the Stokes light in the
Brillouin frequency comb is very high, resulting in a sinusoidal
waveform in the time domain. To reshape the optical pulse,
wideband FBGs are used to suppress the intensity of the
dual-mode Stokes light. The reflectivity and bandwidth of
FBGs are designed as 99% and 2 nm, respectively. Then,
the compressed pulse is amplified by cascaded EDFA3 and
EDFA4 and further narrowed via fiber dispersion compensa-
tion. Finally, the high-energy femtosecond pulse undergoes
self-phase modulation and dispersion wave effects through
an 80-m HNLF2 to realize an octave-spanning OFC. The
HNLF2 is composed of HNLFs with zero-dispersion wave-
lengths of 1520 and 1535 nm. Other parameters are the same
as HNLF1. In the experiments, the frequency- and time-
domain characteristics of OFCs are analyzed using an optical
spectrum analyzer, a frequency-resolved optical gating, and
an electrical spectrum analyzer equipped with a high-speed
photodetector.

3. RESULTS

A. Lasing Characteristics of Dual-Mode Microcavity
Laser
A square microcavity laser with a side length of 30 μm and
output waveguide width of 2 μm is used as a seed source
for octave-spanning OFC generation. The microcavity laser
is manufactured using an AlGaInAs/InP epitaxial wafer with
six pairs of compressively strained quantum wells as in
Ref. [47]. The lasing characteristics of the microcavity laser

fixed on a thermoelectric cooler maintained at 288 K are mea-
sured by coupling the laser output into a tapered SMF. The
threshold current of the microcavity laser is 8 mA, and the
maximum coupling power is 51 μW at 54 mA, as shown in
Fig. 2(a). In addition, a series resistance of 13 Ω is obtained
by linearly fitting the V-I curve around 46 mA. Stable dual-
mode lasing around 1558 nm is achieved as shown in the lasing
spectrum map in Fig. 2(b), which is measured using an optical
spectrum analyzer with a resolution of 0.02 nm. Figure 2(c)
shows the wavelength interval and intensity ratio versus the in-
jection current. The wavelength interval of the dual-mode
varies from 0.39 to 0.415 nm when the injection current in-
creases from 44 to 56 mA. The detailed lasing spectra at 46 mA
are shown in Fig. 2(d), with fundamental and first-order trans-
verse mode wavelengths of 1557.813 and 1557.407 nm, re-
spectively. The corresponding intensity ratio of the dual
mode is less than 1 dB, ensuring an efficient non-degenerate
FWM process.

B. Brillouin Comb Generation and Pulse Shaping
A proof-of-concept experiment is carried out based on the sys-
tem setup in Fig. 1. As the optical power of the dual-mode
microcavity laser is increased to 14 dBm, Brillouin Stokes light
reaches its threshold in the SBS fiber cavity. The dual-wave-
length Brillouin laser circulating in the loop acts as a new pump
source to generate a broadband optical comb. It should be
noted that the frequency spacing of the OFC is the same as
the mode interval of the dual-mode microcavity laser, which
is a multiple of the free spectral range (1.6 MHz) of the
Brillouin fiber loop. When the output power of the microcavity
laser is enhanced to 26.5 dBm, the spectral range of the
Brillouin OFC extends to 80 nm, as shown in Fig. 3(a).
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Fig. 2. (a) Output power and applied voltage versus injection current. (b) Lasing spectra map versus injection current. (c) Wavelength interval and
intensity ratio of dual modes versus injection current. (d) Lasing spectrum at injection current of 46 mA.
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Owing to the limited FWM parametric gain spectrum, the
bandwidth of the optical comb is hardly increased by further
improving the EDFA power. As a result, nonlinear spectral
broadening is adopted for octave-spanning OFC generation,
and thus a high-energy optical pulse is desired.

However, the time-domain pulse of the SBS optical comb
has a relatively large duration, because the intensity ratio be-
tween the Brillouin laser and the newly generated frequency
component is as large as 13 dB as shown in Fig. 3(a). A wave-
form in the time domain as shown in Fig. 3(b) is measured for
the Brillouin optical comb using frequency-resolved optical gat-
ing. The measured autocorrelation trace is almost a sine wave
with a period of 20 ps, corresponding to a comb spacing of
50 GHz. The pulse width is fitted to be 6 ps assuming a
Gauss profile, and thus a pulse narrowing stage is necessary.
An effective way to manipulate the optical pulse shape is
line-by-line shaping via a wave shaper. However, this method
brings about additional system insertion loss and complexity.
To realize pulse narrowing via a simple approach, cascaded
FBGs are used to suppress the Stokes light for spectral reshap-
ing. The FBGs are designed to have 99% reflectivity and a wide
stopband of 2 nm. As shown in Fig. 3(a), the Stokes waves are
well suppressed after passing the two FBGs, and a flat-top spec-
trum is obtained. Furthermore, the measured autocorrelation
curve of the suppressed optical pulse train is depicted in
Fig. 3(b), which shows a significantly compressed pulse width
of 1.6 ps.

C. Octave-Spanning Optical Comb Generation
Subsequently, an optical amplification and dispersion compen-
sation stage is managed to improve the optical pulse energy for
further nonlinear spectrum broadening. The 1.6-ps optical
pulse is pre-amplified by low-power EDFA3 and then amplified
by high-power EDFA4 to obtain a high average power. Then, a
piece of SMF with anomalous dispersion is applied for elimi-
nating the chirp of the amplified pulse, thus obtaining high
peak power. Moreover, accounting for the dispersion compen-
sation connected with the nonlinear effect in EDFA4, the pulse
shape is also investigated under different EDFA4 powers.
Figure 4(a) shows the pulse width and pedestal-to-peak ratio
versus EDFA4 power. The pedestal is defined as the part of
the pulse that cannot be fitted by the Gaussian function.
When the pump power is increased from 10 to 550 mW,
the pulse width is gradually narrowed from 627 to 379 fs.
With further increasing pump power, the pulse width is almost
unchanged at around 370 fs. On the other hand, due to the
amplified background noise in EDFA4, the pedestal intensity
starts to increase when the pump power exceeds 100 mW.
Therefore, EDFA4 power is set as 550 mW considering a nar-
row pulse width and low pedestal intensity. The gray dashed
line in Fig. 4(b) shows the pulse emitted from the Brillouin
fiber loop filtered by FBGs. In contrast, the pulse as the blue
solid line is significantly narrowed owing to the combined effect
of the dispersion in SMF and the nonlinear effect in EDFA4.
A larger pedestal can be observed, which is caused by the am-
plified spontaneous emission noise and high-order dispersion in
EDFA4. Hence, only the main pulse in the center of the au-
tocorrelation trace is fitted instead of the low-power pedestal.
The fitting pulse width is 379 fs, corresponding to a pulse peak
power of 29.1 W and pulse energy of 11 pJ.

Furthermore, an 80-m HNLF2 is pumped to perform non-
linear spectral broadening. The evolution of the optical spec-
trum with EDFA4 power is shown in Fig. 4(c). Two optical
spectrum analyzers are used to measure the octave-spanning
OFC, with spectral ranges of 600–1700 and 1200–
2400 nm. When the pump power increases to 550 mW,
the spectral width reaches 1100 nm. The short-wave part
spreads to around 1000 nm with the pump power increasing,
while the long-wave part hardly changes. The specific broad-
ening spectrum is depicted in Fig. 4(d) when the pump power
is 550 mW. The results show that the broadband optical comb
with a repetition rate of 50 GHz covers an octave, ranging from
1100 to 2200 nm. It is noted that pump light located in the
anomalous dispersion region of HNLF can achieve broadband
frequency combs and support soliton propagation [48]. The
broadband dispersion of HNLF2 is depicted by the red line
in Fig. 4(d). The zero-dispersion wavelengths of the HNLF
are 1520 and 1535 nm, which are located on the blue side
of the pump light. This meets the requirements for the gener-
ation of dispersive waves. Based on the phase matching equa-
tion, the dispersive waves will appear at ω � ω0 � 3jβ2j∕β3
[49], where ω0, β2, and β3 are the central angular frequency
of the pump light, and second- and third-order dispersions
at the pump light, respectively. The dispersion waves are calcu-
lated at wavelengths of 1410 and 1475 nm for HNLFs with
zero-dispersion wavelengths of 1520 and 1535 nm, respec-
tively, with β2 � −1.51 and −0.68 ps2∕km and β3 � 0.036

Fig. 3. (a) Output spectra of 50 GHz spaced Brillouin OFCs before
and after optical spectral filtering of two FBGs. (b) Measured autocor-
relation traces of the optical pulse train before and after optical filtering
of two FBGs.
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and 0.031 ps3∕km. The generated dispersive waves provide a
spectral broadening in the normal dispersion region, as shown
in Fig. 4(d), which is consistent with the calculated results.

The coherence of the OFC is also estimated using the non-
linear Schrödinger equation to model the spectral evolution in
the optical fiber [50]. In the simulation, a Gaussian pulse with a
pulse width of 250 fs and peak power of 90 W is used to pump
an 80-m HNLF. Input pulse noise is considered using com-
monly adopted quantum noise models, and the coherence prop-
erty of the resulting spectrum is calculated via jg �1�12 �λ�j �
jhE�

1�λ�E2�λ�i∕�hjE1�λ�j2ihjE2�λ�j2i�1∕2j [51]. The nonlinear
coefficient, and second- and third-order dispersion coefficients
at the pump light of the HNLF are set as 14 W−1 km−1,
−1.1 ps2∕km, and 0.011 ps3∕km, respectively. It is slightly dif-
ferent from the dispersion values given before due to the com-
prehensive consideration of fibers with different dispersions. The
simulated optical spectrum is shown as the dashed black curve in
Fig. 4(d). The difference in spectral shape between the simula-
tion and experiment comes from the pulse settings and
dispersion parameters, since the actual pulse is not a standard
Gaussian pulse. The coherence degree reveals that the OFC is
partially coherent, as shown in Fig. 4(e). In the future, pulse
shaping techniques can be optimized to further narrow the op-
tical pulse from the SBS loop to improve the spectral coherence
of the octave-spanning OFC generated in the HNLF.

The tunability of the repetition rate of the proposed OFC
generator is also investigated. The generated optical combs with
different repetition rates are realized using square microcavity
lasers with different side lengths. Using the experimental setup
in Fig. 1 and similar pump power as in Fig. 4(d), octave-
spanning optical combs are obtained using three dual-mode

lasing microcavity lasers with frequency intervals of 29, 50,
and 65 GHz, and their spectral ranges are from 1100 to
2200 nm, as shown in Fig. 5(a). The corresponding fine spectra
around the pump light are also depicted in Fig. 5(b).

Finally, the electrical spectral characteristics of the generated
octave-spanning optical combs are investigated for an optical
comb with a repetition rate of 29 GHz, which is limited by
the bandwidth limitation of the electrical spectrum analyzer
and photodetector. First, the optical comb is detected directly
by a 50-GHz photodetector, and the obtained beat note is
shown as the black curve in Fig. 6(a). The microwave spectrum
contains a 29-GHz signal, indicating that the comb teeth are
equally spaced. It is worth noting that the beat signal is com-
posed of longitudinal modes with a 1.6-MHz interval, corre-
sponding to the length of the Brillouin fiber loop. Figure 6(b)
further shows the detailed electrical spectrum of the 29-GHz
signal with a resolution bandwidth of 100 kHz and a range
of 2 MHz. The linewidth of one of the longitudinal modes
is 295 kHz by Lorentz fitting, which demonstrates the high
coherence of the generated optical comb. The beat note line-
width of the corresponding dual-mode lasing microcavity
laser is 35 MHz, which is about two orders larger than that
in Fig. 6(b). On the other hand, the spectrum of the oc-
tave-spanning comb is not flat, and the frequency components
near 1560 nm have higher energy. Therefore, an optical filter
with a center wavelength of 1310 nm and bandwidth of 18 nm
is used for further measurement. Then the filtered frequency
comb is detected by the photodetector and depicted as the
red curve in Fig. 6(a). There is only a 29-GHz microwave
signal in the range of 44 GHz, which proves that the optical
comb still maintains a frequency interval of 29 GHz near

Fig. 4. (a) Pulse width and pedestal intensity versus EDFA4 power. (b) Measured autocorrelation traces of optical pulses when the pump power is
550 mW. (c) Evolution of the optical spectrum versus EDFA4 power. (d) Optical spectrum of the octave-spanning OFC when pump power is
550 mW. The red line represents the dispersion of HNLF2. The dashed black curve is the simulated octave-spanning OFC spectrum. (e) Degree of
coherence of the simulated spectrum.
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1310 nm. Furthermore, the linewidth of 302 kHz is obtained
in Fig. 6(c), which shows that the coherence is maintained at
1310 nm.

Next, the RIN of the octave-spanning OFC is measured.
The electrical signal of the OFC obtained by a photodetector
(PD) is divided into direct current and alternating current com-
ponents through a bias-tee. The alternating current signal is
amplified by a low-noise RF amplifier with a bandwidth of
0.1–40 GHz, which is considered as the total noise. The in-
trinsic RIN of the OFC can be obtained by subtracting the
system thermal noise and photodetector shot noise from the
total noise. Figure 6(d) shows the measured RIN, and the beat
frequency between the multi-longitudinal modes of the
Brillouin fiber loop results in a strong oscillation from −125
to −100 dBc∕Hz at 100 MHz. The lower RIN of
−140 dBc∕Hz is observed around 3 GHz. Therefore, the above
results indicate that the generated octave-spanning OFC has
high coherence. In the future, the stabilization of OFC should
be further improved by selecting a single longitudinal mode of
the Brillouin fiber loop and the self-referencing technique.

4. CONCLUSION

In summary, we have proposed and demonstrated a high-rep-
etition-rate octave-spanning OFC generator using a dual-mode
microcavity laser. A microcavity laser with a dual-mode spacing
of 50 GHz was used as a seed source to achieve 80-nm
bandwidth in a nonlinear fiber loop, and the optical pulse
was compressed to 1.6 ps via spectral reshaping using FBGs.
Furthermore, the pulse after FBGs was not only amplified
by EDFA, but also compressed to 379 fs owing to the nonlinear
effect through optimizing the pump power. An octave-
spanning frequency comb ranging from 1100 to 2200 nm
was finally produced in an 80-m HNLF. In addition, to verify

Fig. 5. (a) Octave-spanning OFC spectra and (b) corresponding
fine spectra around the pump light, using square microcavity lasers
with lasing mode frequency intervals of 29, 50, and 65 GHz.

Fig. 6. (a) Electrical spectrum characteristic of the 29-GHz octave-spanning OFC and filtered OFC around 1310 nm. (b) Electrical spectrum
within 2-MHz span of the octave-spanning OFC. (c) Electrical spectrum within 1.5-MHz span obtained from the filtered OFC around 1310 nm.
(d) Relative intensity noise of the octave-spanning OFC.
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the tunability of the repetition rate of the proposed system,
octave-spanning optical combs with repetition rates of 29,
50, and 65 GHz were presented using different dual-mode las-
ing microcavity lasers. Finally, the beat notes and the RIN of
the optical comb were measured to demonstrate a high coher-
ence of the generated OFC. The proposed octave-spanning
OFC shows good application potential in high-precision mea-
surements due to its wide spectral range and simplicity.
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