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Abstract
A novel approach using a dual-mode square microlaser as the pump source is demonstrated to produce wideband optical 
frequency comb (OFC). The enhanced nonlinear frequency conversion processes are accomplished in a nonlinear fiber loop, 
which can reduce the stimulated Brillouin scattering threshold and then generate a dual-mode Brillouin laser with improved 
optical signal-to-noise ratio. An OFC with 130 nm bandwidth and 76 GHz repetition rate is successfully generated under 
the four-wave mixing, and the number of the comb lines is enhanced by ~ 26 times compared with the system without fiber 
loop. In addition, the repetition rate of the comb can be adjusted by changing the injection current of the microlaser. The 
pulse width of the comb spectrum is also compressed from 3 to 1 ps with an extra amplification-nonlinear process.

1  Introduction

Optical frequency combs (OFCs) have attracted a great 
deal of interest for their applications in optical clocks [1], 
molecular fingerprinting [2], microwave photonic [3], opti-
cal arbitrary waveform generation [4], and dense wavelength 
division multiplexing [5], etc. Compared with the traditional 
femtosecond mode-locked lasers [6], OFCs with high repeti-
tion rate can be generated by injecting a continuous-wave 
(CW) light into a high-quality-factor microresonator with 
large free spectra range [7]. Different repetition rates from 
16 to 850 GHz were realized by changing the cavity size 
[7–9], which can be applied in astronomic spectra calibration 
and THz wave generation. In addition, the OFCs generated 
by two separate pump laser sources and highly nonlinear 

fibers (HNLFs), which have high and tunable repetition 
rates, were also demonstrated for narrow pulse generation 
and optical communication [10–12]. For realizing a chip-
integrated comb, an on-chip dual-wavelength laser source 
with narrow linewidth and high power is required. Dual-
wavelength semiconductor lasers with a frequency difference 
at THz have been demonstrated, such as integrated dual-
mode DFB or DBR lasers [13, 14].

Recently, we realized a stable dual-mode lasing in a sin-
gle square microcavity laser and demonstrated a strong mode 
correlation between the two lasing modes [15]. Dual-mode 
square microlaser replacing the separated pump sources to 
generate OFC was also verified in [16], while the degra-
dation of the comb tooth linewidth reduced the parameter 
conversion efficiency. Moreover, the stimulated Brillouin 
scattering (SBS) effect wasted the pump energy and resulted 
in a limitation of comb generation. It will inevitably intro-
duce the amplified spontaneous emission noise (ASE) and 
reduce the optical signal-to-noise ratio (OSNR) when further 
increasing the pump power. Brillouin effect was success-
fully exploited to generate ultra-narrow linewidth single-
longitudinal-mode Brillouin fiber laser due to the narrowing 
effect of the Stokes lasing [17]. The Brillouin laser sources 
with improved performance were also exploited to generate 
broadband OFC with the electro-optic modulation or the 
fiber four-wave-mixing (FWM) techniques [18, 19].

In this work, a nonlinear fiber loop configuration using 
dual-mode square microlaser as pump source is proposed 
and experimentally demonstrated for generating wideband 
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OFCs. Owing to the long fiber loop and the high nonlinear 
coefficient, the SBS threshold is reduced and a dual-mode 
Brillouin fiber laser with improved OSNR is generated, lead-
ing to an increased number of the comb lines in the OFC 
generation.

2 � Lasing performance of dual‑mode square 
microlaser

Dual-mode square microlaser with a side length of 24 µm 
and a 1.5 µm-wide waveguide connected to the square vertex 
is adopted, using the same geometry as in [15]. The laser is 
fabricated using an AlGaInAs/InP wafer with six pairs of 
compressively strained AlGaInAs multiple-quantum wells, 
with the fabrication process similar to that in [20]. Then 
the lasing characteristics are measured by butt-coupling a 
tapered single-mode fiber to the cleaved waveguide facet. 
The output power and applied voltage versus the CW injec-
tion current are measured at the temperature of 288 K and 
plotted in Fig. 1a. The threshold current is about 8 mA and 
the maximum coupled power is 0.39 mW at 56 mA. A resist-
ance of 13.7 Ω is estimated for the device by fitting the volt-
age–current curve.

The lasing spectra at different injection currents are 
measured by an optical spectrum analyzer (OSA) with a 

resolution of 0.02 nm and represented in Fig. 1b. The spec-
trum at 50 mA shows three main longitudinal modes around 
1540, 1550 and 1560 nm. A longitudinal mode interval of 
~ 9.7 nm can be analytically obtained by �2∕2

√

2ang with 
the group index ng of 3.65 around 1550 nm, which agree 
well with the experimental results [21]. Several lines are 
depicted to track the main lasing wavelength variation with 
the current, where the circle, triangle and square symbols 
correspond to the fundamental (0th-order), first-order (1st-
order) and second-order (2nd-order) transverse modes, 
respectively. The redshifts of lasing wavelengths are attrib-
uted to an injection current induced thermal effect, which 
also results in the redshift of gain spectrum and thus the 
mode hopping. The 0th-order transverse mode first lases at 
1538.9 nm as the current is 10 mA, and then jumps to the 
next longitudinal mode at the long wavelength side when 
the current increases to 20 mA due to the redshift of gain 
spectrum. For the 1st-order mode, mode hopping can be 
observed at 40 and 60 mA, respectively. As the current 
increases from 50 to 60 mA, the 2nd-order transverse mode 
jumps 19.8 nm over two longitudinal mode intervals, due 
to the lower mode Q factor around 1550 nm. Dual-trans-
verse-mode lasing with the mode intervals of 0.82, 0.61 and 
0.95 nm can be achieved around 1539, 1550 and 1560 nm, 
when the currents are 40, 50 and 70 mA, respectively. There-
fore, dual-mode lasing with variable mode spacing can be 
realized in one laser by adjusting the injection current with 
an optical filter to filter out the undesired peaks.

3 � Generation of wideband optical frequency 
comb

3.1 � Experimental setup

The experimental setup of the proposed OFC generator is 
shown in Fig. 2a. The laser emission is first pre-amplified by 
an erbium-doped fiber amplifier (EDFA) and filtered with 
an optical band pass filter (OBPF) to select the two desired 
lasing modes and reduce the ASE noise. Then the filtered 
output light is amplified by a high-power EDFA and injected 
into a 500-m-long highly nonlinear fiber through optical 
circulator 1 (OC1), and the transmitted wave is detected at 
monitoring point a, i.e, the port 3 of OC2. When the pump 
power exceeds the SBS threshold, the backward Brillouin 
Stokes (BS) wave with a frequency shift ωSBS of 9.33 GHz 
is generated and collected at monitoring point b, i.e, port 3 
of the OC1. The OSAs and power meters (PMs) are set in 
the monitors to detect corresponding signals. This is the sys-
tem without nonlinear fiber loop (NLFL), which is similar 
as the first-stage of the configuration shown in [16]. Then 
the NLFL is constructed by injecting the BS signals back 
into the HNLF via OC2, as the red dashed transmitted line 
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Fig. 1   a Measured L–I–V curve for a 24-µm-side-length square 
microlaser with a 1.5-µm-wide output waveguide. b Lasing spectra at 
different currents with the marked lines indicating the same mode
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shows. A polarization controller (PC) is utilized to adjust 
the polarization states of the Stokes waves to achieve the 
maximum Brillouin gain in the loop. 90% of the BS power 
is injected into the port 1 of OC2, and the remaining 10% 
is extracted for monitoring. Therefore, the generated BS 
waves will circulate along the loop in the counter-clockwise 
(CCW) direction and interact with the pump waves, which 
will increase the pump power conversion efficiency and 
reduce the SBS threshold. The HNLF used in the experi-
ments has a nonlinear coefficient of ~ 10 W−1 km−1, a zero 
dispersion wavelength of ~ 1535 nm, and a dispersion slope 
of ~ 0.022 ps nm−2 km−1.

Figure 2b schematically shows the comparison between 
the methods with and without NLFL. When the fiber loop 
is disconnected, the dual-mode square microlaser can act as 
the pump source and initiate the FWM in the HNLF. This 
can be seen as a travelling-wave FWM process with low 
wavelength conversion efficiency due to the SBS effect. 

However, the NLFL approach can generate a dual-mode 
Brillouin laser with improved OSNR, which can act as the 
new pump source for the synchronous mixing process and 
lead to a broadband optical comb. It should be noticed that 
mode interval of the generated Brillouin laser is equal to 
the repetition rate of the comb, which are determined by 
the mode interval of the dual-mode square microlaser. The 
employment of the NLFL can not only generate a dual-mode 
Brillouin laser with improved performance, but also enhance 
the wavelength conversion efficiency.

Figure 2c shows the filtered output spectrum of the dual-
mode microlaser at the injection current of 53 mA, which 
act as the pump source. The two lasing peaks at 1550.62 and 
1550.01 nm correspond to the 0th-order and the 1st-order 
transverse mode, respectively. The mode interval is 0.61 nm, 
and the OSNR is as high as 47 dB almost equaling to that 
of the microlaser. A pair of FWM peaks is clearly seen at 
1551.23 and 1549.4 nm, which indicates the coexistence of 
the dual-mode lasing.

3.2 � Results and discussion

We first consider the system without NLFL and represent 
the experimental results in Fig. 3, using the laser output of 
Fig. 2c. In Fig. 3a, the measured transmitted power and back-
ward BS power versus the pump power are depicted with 
square and circle symbols, respectively. The SBS threshold 
is about 20 dBm and the reflected power exceeds the trans-
mitted power as the pump power exceeds 27 dBm. Fitting 
the BS power with linear function in linear coordinate, we 
obtain a Brillouin gain efficiency of 36%. The Brillouin scat-
tering will consume the pump power and severely limit the 
wavelength conversion efficiency in the forward direction. 
Figure 3b shows the measured transmitted spectra at moni-
tor a under different pump powers, which have several comb 
teeth with equal frequency interval due to the FWM effect. 
The teeth number gradually increases from 6 to 9 as the 
pump power increases from 20 to 27 dBm. As discussed in 
[16], further increasing the pump power could not broaden 
the comb range anymore due to the SBS effect accompanied 
with large ASE noise. For the backward Stokes waves, the 
spectra versus the pump powers are summarized in Fig. 3c, 
with two dashed lines marked for the two original pump 
wavelengths. Two BS lasing peaks are generated when the 
pump power increases to 20 dBm, and the wavelength offset 
from the dashed lines are 0.075 nm, which corresponds to a 
Brillouin frequency shift of 9.33 GHz. Most power transfer 
into the BS waves and the dual-mode Brillouin laser is gen-
erated when further increasing the pump power. The FWM 
sidebands of the Brillouin laser are also observed. Compar-
ing the spectra of the two directions, one can find that the 
OSNRs of the Brillouin lasers are about 10 dB larger than 
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Fig. 2   a The NLFL experimental setup for generating OFC. EDFA 
erbium-doped fiber amplifier, OBPF optical band pass filter, HNLF 
highly nonlinear fiber, OC optical circulator, PC polarization control-
ler, OSA optical spectrum analyzer, PM power meter. b The sche-
matic comparison between the methods with and without fiber loop. c 
Filtered output of the microlaser at the current of 53 mA
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those of the original lasing mode and the forward transmis-
sion signal.

When the fiber loop is closed, we detect the powers of the 
transmitted and CCW signals and plot them in Fig. 4a. For 
the NLFL system, the power in the CCW direction is larger 
than the transmitted power as the pump power is larger than 
15 dBm, which is 12 dB lower than the value in Fig. 3a. Fig-
ure 4b gives the measured transmitted spectrum at the pump 
power of 24 dBm, which is composed by the original pump 
waves and the 2nd-order Stokes waves from the loop. The 
spectrum linewidth of the Stokes waves are clearly narrower 
than the linewidths of the mixing sidebands. As the CCW 

spectra shown in Fig. 4c, a lasing peak at 1550.69 nm with 
OSNR of 60 dB is obtained at 14 dBm pump power, which 
is the 1st-order Stokes wave of the 0th-order mode. With 
gradually increasing the pump power, the intensity of the 
1st-order mode also reaches the SBS threshold and gener-
ates a BS wave. Therefore, dual-mode Brillouin lasers with 
improved OSNRs could be generated with a lower thresh-
old than Fig. 3b, with the mode interval same as that of 
the dual-mode microlaser. As the power increases further, 
multi-wavelength spectra with a constant frequency separa-
tion of 76.25 GHz is generated by the nonlinear interaction 
between the two BS waves via cascaded FWM. At the pump 
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ers for the system without NLFL. b, c Measured spectra at different 
pump powers for the transmitted signal and the backward Stokes 
waves, respectively
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power of 24 dBm, OFC with 130 nm bandwidth is produced, 
which is about 26 times the teeth number given in Fig. 3b. 
The frequency separation of the dual-mode Brillouin lasers 
and the ωSBS are multiple of the cavity-free spectral range 
(FSR ≈ 400 kHz). We also calculated the Q factor and the 
finesse of the cavity without Brillouin gain [18], and the cor-
responding values are about 2.1 × 109 and 3.8, respectively. 
These results indicate that the dual-mode Brillouin laser 
can be generated due to the enhanced Brillouin effect in the 
NLFL, which can also increase the FWM efficiency greatly.

3.3 � Varied repetition rates and time domain results

As discussed in Fig. 1b, the lasing wavelengths and mode 
intervals can be tuned by adjusting the currents. When the 
laser is injected with a current of 63 mA, the lasing modes 
are the 1st-order and 2nd-order transverse modes and the 
wavelengths are 1560.35 and 1559.48 nm, respectively. 
Using this dual-mode lasing source as the comb seed and the 
NLFL system, we obtain another OFC and plot the spectrum 
(Fig. 5a), with the pump power of 24 dBm. The repetition 
rate is 107 GHz, which is larger than that shown in Fig. 4. 
However, the intensity of the pump sources are about 10 dB 
larger than the other teeth and the spectrum flatness is need 

to be improved. By amplifying the spectrum with another 
EDFA and injecting into another 500-m-long HNLF, an 
OFC spectrum exceeding 150 nm is realized and plotted 
in Fig. 5b. The bandwidth is not broadened obviously after 
the second spread spectrum stage because that the intensity 
of the comb teeth decrease rapidly. A great part of the side-
bands cannot be amplified due to the large ASE noise in the 
second high-power EDFA.

Figure 5c shows the measured autocorrelation traces of 
the generated OFCs, where the average pulse period main-
tains at 9.3 ps. The signal from the NLFL appears nearly 
unmodulated in time domain due to the large intensity dif-
ference between the pump waves and the sidebands. A clear 
pulse-like trace is observed after the second amplification-
nonlinear stage because the intensity differences are reduced 
and the spectrum bandwidth is broadened. According to the 
Gaussian fitting, the pulse width is compressed from 3 to 
1 ps. Even though various repetition rates can be realized 
using the different longitudinal modes, dual-mode lasing 
source with a continuously tunable and controllable mode 
interval is still anticipated. Deformed cavities and differ-
entiated injection for the two transverse lasing modes are 
considered to fulfill this purpose.

4 � Conclusions

In summary, we have proposed and demonstrated the wide-
band OFC generation based on the nonlinear fiber loop. The 
dual-mode square microlaser with variable mode spacing 
is used as the comb seed. With the fiber loop, dual-mode 
Brillouin laser with improved performance is generated 
and the FWM efficiency is enhanced. The bandwidth of the 
comb spectrum is increased about 26 times. By adjusting 
the injection current of the dual-mode laser, the OFCs with 
sub-THz repetition rates are demonstrated. The pulse width 
of the OFC is also compressed from 3 to 1 ps with an addi-
tional amplification-nonlinear process. These results have 
shown potential of the present dual-mode square microlaser 
for realizing the wideband optical comb.
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