
Citation: Pang, Y.; Ma, S.; Ji, Q.; Zhao,

X.; Li, Y.; Qin, Z.; Liu, Z.; Xu, Y.

Frequency Comb Generation Based

on Brillouin Random Lasing

Oscillation and Four-Wave Mixing

Assisted with Nonlinear Optical

Loop Mirror. Photonics 2023, 10, 296.

https://doi.org/10.3390/

photonics10030296

Received: 29 January 2023

Revised: 28 February 2023

Accepted: 7 March 2023

Published: 11 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

Frequency Comb Generation Based on Brillouin Random
Lasing Oscillation and Four-Wave Mixing Assisted with
Nonlinear Optical Loop Mirror
Yuxi Pang 1,2, Shaonian Ma 1,2, Qiang Ji 1,2, Xian Zhao 1,2, Yongfu Li 1,2 , Zengguang Qin 2,3, Zhaojun Liu 2,3

and Yanping Xu 1,2,*

1 Center for Optics Research and Engineering, Shandong University, Qingdao 266237, China
2 Key Laboratory of Laser and Infrared System of Ministry of Education, Shandong University,

Qingdao 266237, China
3 School of Information Science and Engineering, Shandong University, Qingdao 266237, China
* Correspondence: yanpingxu@sdu.edu.cn

Abstract: A frequency comb generator (FCG) based on dual-cavity Brillouin random fiber lasing
oscillation in the 1.5 µm telecon spectral window is established and experimentally demonstrated. In
the half-open main cavity of the dual cavity, the stimulated Brillouin scattering in highly nonlinear
fiber (HNLF) and Rayleigh scattering in single-mode fiber are employed to provide sufficient Brillouin
gain and the randomly distributed feedback, respectively, for random mode resonance. The sub-cavity
includes an Er-doped fiber amplifier to couple back and boost lower-order Stokes and anti-Stokes
light for the cascade of stimulated Brillouin scattering to generate multiple higher-order Stokes and
anti-Stokes light. Meanwhile, efficient four-wave mixing is stimulated in the HNLF-based main
cavity, further enhancing the number and intensity of the resonant Stokes and anti-Stokes light. By
taking advantages of the unique transmission characteristics of nonlinear optical loop mirrors, the
power deviation between Stokes and anti-Stokes lines is further optimized with 17 orders of stable
Stokes lines and 15 orders of stable anti-Stokes lines achieved within the 10 dB power deviation, with
maximum optical signal-to-noise ratio (OSNR) of ~22 dB and ~17 dB and minimum OSNR of ~10 dB
and ~7.5 dB for Stokes and anti-Stokes lines, respectively. In addition, the dynamic characteristics of
the proposed FCG have been experimentally investigated. Such an FCG with fixed frequency spacing
will find promising applications in fields of optical communication, microwave, optical sensing, etc.

Keywords: frequency comb; four-wave mixing; random fiber laser; Brillouin scattering; Rayleigh
scattering; nonlinear optical loop mirror; dynamic characteristics

1. Introduction

Frequency comb generators (FCGs) based on fiber-optic lasing oscillation have re-
ceived intense attention and active research due to their promising applications in fiber-
optic communication (e.g., fiber-optic wavelength division multiplexing systems) [1], fiber-
optic sensing [2], microwave photonics [3], optical component characterization [4], optical
instrumentation testing [5], and so on. Up to now, a number of FCGs realized by fiber-
optic lasing oscillation based on different principles and structures have been proposed,
mainly including the introduction of actively modulated frequency-shifting devices in
the resonant cavity of fiber lasers [6–8] and the incorporation of the passively modulated
narrow-bandwidth multi-channel filter [9–11] or intensity-dependent loss structures [12,13]
in the resonant cavity of fiber lasers with broadband gain. However, the active modula-
tion method requires electrical devices, which will undoubtedly introduce large insertion
loss and break the all-fiber structure of FCGs. The frequency comb obtained by passive
modulation methods is heavily dependent on the fabrication accuracy of the modulating
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device, making the FCG hard to generate frequency combs with narrow linewidth and
fixed frequency spacing, limiting the widespread application of FCG.

In recent years, random fiber lasers (RFLs) with randomly distributed feedback pro-
vided by Rayleigh scattering in optical fibers has received a lot of attention due to their
unique properties. It is a dramatic step up from 3D random lasers whereby the one-
dimensional waveguide constraints are provided by the optical fibers. Recently, works
on RFLs based on a variety of gain mechanisms have been gradually reported, mainly
including rare-earth-ion doped fiber amplifiers [14–17], non-linear stimulated scattering
processes in optical fibers (e.g., Brillouin and Raman gain) [18–21] and semiconductor
optical amplifiers [22–24]. In addition, the performances of RFL have been continuously
improved, such as lower threshold [25–27], higher output power [28–30], wavelength
tunability [31–33], higher coherence [18,22,34], narrower linewidth [18,22,34,35], lower
noise [36–38] and more stable output power [26,39,40], which enables a wide range of
applications for RFLs in optical measurement [41,42], microwave photonics [43,44], optical
fiber communication [45–47], optical fiber sensing [48–53], laser imaging [54,55] and other
fields [56,57]. More importantly, the fiber laser gained by the stimulated Brillouin scattering
(SBS) mechanism can achieve multi-wavelength laser output with a fixed wavelength spac-
ing thanks to the cascade of SBS and the Doppler shift provided by the acoustic-induced
dynamic grating in the optical fiber [58]. In particular, the Brillouin random fiber lasers
(BRFLs) can also achieve the narrow-linewidth multi-wavelength laser output thanks to the
narrow gain bandwidth of stimulated Brillouin scattering, which significantly enhances the
potential value of this light source for application [59]. As a result, this multi-wavelength
Brillouin random fiber laser (MW-BRFL) has attracted a great deal of attention in the gen-
eration of frequency combs and has been heavily investigated. In 2018, Liang Zhang et al.
first proposed a dual-cavity MW-BRFL, which combines a half-open resonant cavity and
a feedback cavity, and achieved a high-quality multi-wavelength laser output. Its optical
signal-to-noise ratio (OSNR), polarization state, and the number of Stokes lines were op-
timized in subsequent works by using non-uniform fiber [59], polarization-maintaining
fiber [60,61] and random fiber grating [62], respectively. However, only 14 maximum
Stokes lines were eventually achieved due to the limitation of the relatively high laser
threshold, and the anti-Stokes lines have not been fully boosted to be studied and exploited
for FCG due to the absence of an efficient excitation mechanism. Fei Wang et al. achieved
a half-open linear-cavity MW-BRFL with multiple Stokes and anti-Stokes lines through
four-wave mixing (FWM) by means of a highly nonlinear fiber (HNLF). However, the
associated laser performance has not been optimized and some of the key lasing properties
have not been explored, which are essential to characterizing the application prospects of
the generated lasing combs [5,63].

In this work, we present and experimentally investigate a dual-cavity FCG based on
Brillouin random lasing oscillation. The Brillouin gain in the resonant cavity is provided by
the HNLF with a high nonlinear coefficient (≥10 W−1·km−1 @1550 nm). Furthermore, the
FWM effect in the HNLF is effectively excited under phase-matching conditions, which not
only increases the number of Stokes lines but also boosts the power of the anti-Stokes lines
to make them resonate in the main cavity. In addition, the nonlinear optical loop mirror
(NOLM) with unique transmission spectrum is used to balance the resonant powers among
Stokes and anti-Stokes lines of different orders to achieve a smaller power deviation. In the
experiment, key lasing properties of the proposed FCG are investigated in detail, including
the optical spectrum, linewidth, relative intensity noise (RIN), frequency noise (FN) and
temporal characteristics.

2. Experimental Setup and Operation Principle

The experimental configuration of the proposed FCG based on Brillouin random fiber
lasing oscillation is shown in Figure 1, in which the dual-cavity structure consists of a
main cavity on the right and a sub-cavity on the left. The pump light is provided by a
semiconductor laser at the wavelength of 1550 nm with a maximum output power of



Photonics 2023, 10, 296 3 of 22

10 dBm and a linewidth of ~15 kHz (LIGHTPROMOTECH, NLLD 0175-3-34-2). After
passing through an optical isolator (ISO), the first optical coupler (OC1), an erbium-doped
fiber amplifier (EDFA), a variable optical attenuator (VOA) and the first polarization
controller (PC1), the finely tuned pump light is launched into a 390 m long HNLF through
the first circulator (CIR1) from port 1 to port 2 in the main cavity. The ISO is used to
prevent any reflected light from returning to the pump laser to avoid possible damage.
The EDFA enables power amplification for the pump laser, and the VOA is used to finely
tune the power of the amplified pump light to investigate the pump-power-dependent
characteristics of the FCG. PC1 is used to adjust the polarization state of the pump light to
achieve maximum Brillouin gain in the 390 m long HNLF.
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Figure 1. Experimental setup of the proposed FCG. (ISO: isolator, OC: optical coupler (OC1 and OC2:
2 × 2 50:50, OC3: 2 × 2 70:30), EDFA: erbium-doped fiber amplifier, VOA: variable optical attenuator,
PC: polarization controller, CIR: circulator, HNLF: highly nonlinear fiber, SMF: single-mode fiber,
NOLM: nonlinear optical loop mirror).

With the high non-linear coefficient (≥10 W−1·km−1 @1550 nm), the HNLF as a Bril-
louin gain medium provides sufficient gain for the random mode resonance in the main
cavity. When pump light is launched into the HNLF, the spontaneous Brillouin scattering
(SpBS) is first triggered by thermal noise and produces Stokes light propagating in the oppo-
site direction to the pump light. Due to the Doppler shift effect, this Stokes light exhibits a
frequency downshift of ~10 GHz compared to the pump light. The power of the Stokes light
generated by SpBS increases as the pump power increases. When the pump power reaches
the threshold of the SBS in the Brillouin gain medium, the Stokes light initiated by SpBS
will be significantly amplified by the SBS process. The amplified backward-propagating
Stokes light in the Brillouin gain medium passes sequentially through ports 2 and 3 of
CIR1 and is divided equally by OC2 into two beams. One beam enters the sub-cavity for
further amplification and feedback, and the other beam continues propagating in the main
cavity. In the main cavity, this part of the Stokes light then enters the 5 km single-mode
fiber (SMF) through the second CIR (CIR2) from port 1 to port 2. Due to the non-uniform
distribution of the refractive index along the fiber axis in the core of SMF, a small portion
of the Stokes light is scattered back into the main cavity by the numerous scattering cen-
ters accumulated along the SMF as randomly distributed feedback for the random mode
resonance. The constructive interference between multiply scattered Stokes light from the
scattering centers results in coherent random spikes. The random feedback provided by
the SMF for the Stokes light is eventually emitted from port 3 of CIR2 and re-enters the
Brillouin gain medium after passing through the NOLM and the port1 and port2 of CIR3
to be further amplified as the seed for the SBS process. As the Stokes light is amplified
during its cyclic reciprocation in the main cavity, its power increases rapidly. When the
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effective gain provided by the SBS process in the main cavity can overcome the total loss,
the amplified Brillouin Stokes light will resonate in the main cavity and emit at the end of
the 5 km SMF as the laser output of the BRFL. Meanwhile, the other beam split by OC2,
identical to the resonant Stokes light in the main cavity, is injected into the sub-cavity, where
it is recombined with the output of the semiconductor pump laser via OC1 and input into
the EDFA at the same time. After being amplified by the EDFA, the resonant Stokes light is
re-injected into the main-cavity via CIR1 as the pump light to generate the higher-order
Stokes lights.

In the 390 m HNLF, multi-order Stokes resonant lights that satisfy the phase-matching
condition is prone to induce FWM, which can boost Stokes and anti-Stokes light power
and produce more higher-order Stokes and anti-Stokes lines. To satisfy the phase-matching
condition for FWM in HNLF, the phase mismatch factor κ (κ = ∆β + 2γP) should be made
as close to zero as possible. Here, γP is the nonlinear phase shift caused by self-phase
modulation and cross-phase modulation, γ represents the nonlinear coefficient of fiber,
and P denotes the pump power. Therefore, γP is always greater than zero. ∆β is the linear
phase shift caused by different propagation constants, and it is greater than zero in the
normal dispersion region, so κ will be positively beyond the zero point in this dispersion
region. At the zero-dispersion wavelength, ∆β equals zero, and κ still remains greater
than zero with the positive value of γP. Only in the anomalous dispersion region, where
∆β is negative, can it offset part of the positive value of γP and make κ closer to zero,
meeting the phase-matching condition for FWM. The zero-dispersion wavelength of the
HNLF used in this experiment is located within a narrow wavelength range near 1521 nm.
Pumping with a 1550 nm laser can satisfy the phase-matching condition for FWM. In the
formula for the phase mismatch factor, κ = ∆β + 2γP, ∆β = −2πc/λ0

2 [D (λP − λS)2]. After
substituting the parameters in the expression of κ using the values in Table 1 for calculation,
we can get κ = 0.00039143 m−1, which is very close to zero. It is worth noting that the
forward-propagating multi-order Stokes light amplified by the EDFA is theoretically more
susceptible to induce FWM due to its higher power than the backward-propagating Stokes
light that has just been amplified or generated by the SBS process. Consequently, the
frequency comb with multiple comb spikes and fixed frequency spacing can be efficiently
generated at both output port 1 and output port 2.

Table 1. Experimental parameters for the calculation of κ.

Parameter Name Value

Dispersion (D) @1550 nm 0.5753183 ps/nm·km
Pump wavelength (λp) 1550 nm

Signal wavelength (λs) @15th-Stokes 1551.14 nm
Zero-dispersion wavelength (λ0) 1521.78962 nm

Nonlinear coefficient (γ) 10 W−1·km−1

Pump power (P) 50 mW

The configuration of the NOLM is shown in the inset of Figure 1, which is constructed
by a 70:30 OC3, a PC3 and a 10 km long SMF. PC3 was used for polarization biasing of
the passing light in this loop to introduce a different phase difference. The 10 km SMF is
utilized to provide the accumulation of nonlinear phase shift for the passing light. The
transmission function of the NOLM can be written as

T = 1 − 2α(1 − α){1 + cos[θ + (1 − 2α)φ]} (1)

where α is the coupling ratio of the OC3, θ is the additional phase difference induced by
the PC3, φ = 2πn2PiL/λAeff is the nonlinear phase shift, n2 is the nonlinear refractive index
coefficient of SMF, L is the length of loop, λ is the operating wavelength, Aeff is the effective
fiber core area, and Pi is the input power for NOLM. Using Equation (1), the transmission
characteristics of the NOLM with 75 km and 10 km long SMF were simulated for different
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θ (θ = 0.5π, 0.667π, π, 1.333π, 1.5π, i.e., different settings of PC3) as a function of input
power, and the results are shown in Figure 2. The specific values used in the simulation are
n2 = 3.2 × 10−20 m2/W, Aeff = 50 µm2, α = 0.3 and λ = 1550 nm. It can be seen in Figure 2,
under specific PC3 setting, that the transmissivity of the NOLM can increase or decrease
with increasing input power. When PC3 is set at a position where the transmissivity of
the NOLM decreases as the input power, the NOLM can function as a power balancer, in
which the higher power beam will experience greater loss than the lower power beam.
According to the simulation results, the NOLM with 75 km-long delay fiber has a good
power balance performance at this power level, and this performance will deteriorate if
the delayed fiber is cut short. However, it is worth noting that the NOLM with long delay
fiber is bound to cause large losses. So, to ensure efficient laser resonance, the delay fiber
length of the NOLM in this case is set to 10 km and the corresponding simulation results of
transmission characteristics are shown in Figure 2b. In addition, the coupling coefficient
of the OC3 constituting the NOLM make an impact on the transmissivity of NOLM. As
shown in Figure 3, the dependence of transmissivity on the input power of NOLMs with
OCs of different coupling rates is analyzed. It can be seen from the figure that when the
coupling coefficient of OC is 0.3 (i.e., coupling ratio of 70:30), the rate of change of the
transmissivity of NOLM with the incident optical power is relatively large, regardless of the
phase difference introduced by PC3. It is also observed from Figure 3 that the transmissivity
of NOLM is completely insensitive to the incident optical power when the coupling rate
of OC3 is set to 0.5. This is because the NOLM has to be established by using an OC with
unequal split ratio so that the optical powers of the two light components propagating in
the opposite directions within the loop are unequal, allowing the two lights to generate
and accumulate a nonlinear phase shift difference in the delayed fiber, thus making the
transmissivity of the NOLM dependent on the incident optical power.
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Figure 3. Simulation of the transmission characteristic of NOLM with different coupling ratios of
OC3 as a function of input power for different θ of (a) 0.5π, (b) 0.667π, (c) π, (d) 1.333π and (e) 1.5π
with 10 km long delay fiber.

3. Experimental Results and Analysis
3.1. Optical Spectrum

Firstly, the first-order Stokes light is resonated in the main cavity with the Brillouin
gain and the effective randomly distributed feedback when the EDFA-amplified pump
light was launched into the 390 m HNLF with above-threshold power. At the same time, a
portion of the amplified Stokes light is guided into the sub-cavity by passing through OC2,
where it is amplified by the EDFA and then sent into the main cavity as the pump light
for the generation of Stokes lines of subsequent order. The Stokes light can resonate when
the Brillouin gain in the main cavity overcomes the total roundtrip loss. As the output
power of the EDFA increases, the number of Stokes lines generated in the main cavity
gradually increases. Owing to the nature of cascaded SBS, the generated multi-order Stokes
and anti-Stokes light is bound to have a power drop as the order increases, limited by the
gain saturation of the EDFA. The cascaded SBS process will cease to generate higher-order
Stokes light when the power of newly generated highest-order Stokes light does not reach
the threshold for the SBS process to generate the next-order Stokes light.

In the experiment, the spectra of the random lasing emitted from output port 1 and out-
put port 2 of the FCG are monitored by an optical spectrum analyzer (OSA) (YOKOGAWA,
AQ6370D). With the pump laser output power of 8.65 mW and EDFA output power of
500 mW, the frequency comb with a fixed wavelength spacing of 0.076 nm were emitted at
output port 1 and output port 2, and their optical spectra are shown in Figure 4. Figure 4a
shows the spectrum of the forward-propagating frequency comb generated at the output
port 2 within a wavelength range of 12 nm, and Figure 4b shows an enlarged view of this
spectrum in a wavelength range of 2.2 nm. Up to 17 stable Stokes lines and 15 stable anti-
Stokes lines with maximum OSNR of ~22 dB and ~17 dB and minimum OSNR of ~10 dB
and ~7.5 dB were obtained within a 10 dB power deviation, respectively. Similarly, Figure 4c
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shows the spectrum of the backward-propagating frequency comb generated at the output
port 1 within a wavelength range of 12 nm, and Figure 4d shows an enlarged view of this
spectrum in a wavelength range of 2.2 nm. Comparing the spectra of the frequency comb
generated at the two output ports, it can be seen that for both Stokes and anti-Stokes lines,
the number of forward-propagating frequency comb lines measured at output port 2 is
higher than that at output port 1 within a certain power deviation. Since the measurement
of the spectrum is performed by the OSA scanning from short to long wavelength range
over a period of time, the fluctuations within the spectrum reflect the wavelength instability
of the light source to be measured. It is clear from the power fluctuations at the bottom of
the scanned spectra that the stability of the forward-propagating frequency comb shows a
higher level than that of the back-propagating frequency comb. The reason for this is that
the forward-propagating Stokes light is justly amplified by the EDFA, propagates in the
same direction as the amplified pump light and exhibits higher FWM efficiency, producing
multiple idle lights with up-frequency-shift and down-frequency-shift and thus achieving
a greater number of Stokes and anti-Stokes lines with higher stability. It is worth noting
that the power difference (<5 dB) between first-order Stokes line and first-order anti-Stokes
lines at output port 2 is significantly reduced compared to the power difference (~20 dB)
at output port 1, which presents a better power flatness of the overall frequency comb. In
addition, the minimum OSNRs of the forward-propagating and backward-propagating
frequency comb within the power deviation are ~10 dB and ~28 dB, respectively, both of
which exhibit relatively high capability of noise suppression, which is mainly due to the
suppression effect of the random resonance in the main cavity on the spontaneous radiation
generated by the EDFA. However, due to the fact that the forward-propagating Stokes and
anti-Stokes light do not undergo random resonance processes to compress the generated
noise after being amplified by the EDFA and before radiating at port 2, it thus exhibits a
deterioration in OSNR.
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Figure 4. Optical spectrum of (a) forward-propagating frequency comb in 12 nm wavelength span,
(b) forward-propagating frequency comb in 2.2 nm wavelength span, (c) backward-propagating
frequency comb in 12 nm wavelength span and (d) backward-propagating frequency comb in 2.2 nm
wavelength span.

To investigate the influence of the EDFA output power on the generated frequency
combs, the pump laser output power was set to 8.65 mW and the EDFA output power
was gradually adjusted from 150 mW to 850 mW, while the frequency combs generated
at the output port 2 and output port 1 were monitored by an OSA within a wavelength
range of 2.6 nm; the measurement results are shown in Figure 5a,b, respectively. When
the EDFA output power is 150 mW, the spectrum of frequency combs generated at output
port 2 exhibits 18 Stokes lines and 16 anti-Stokes lines, and the spectrum of frequency
combs generated at output port 1 shows 17 Stokes lines and 13 anti-Stokes lines. It is worth
noting that the power flatness and stability of the frequency combs generated at output
port 2 are significantly higher than that generated at output port 1. With increasing EDFA
output power, the number and the respective intensity of Stokes and anti-Stokes lines of
the frequency combs emitted at both output ports gradually increase, and meanwhile the
power flatness of the frequency combs gradually improves with the assistance of NOLM.
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Figure 5. Optical spectrum evolution of (a) forward-propagating and (b) backward-propagating
frequency combs in 2.6 nm wavelength span with the increase of EDFA output power from 150 mW
to 850 mW.
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In the main cavity, both the FWM of Stokes light propagating in the forward and
backward directions in the 390 m HNLF and the power balance provided by the NOLM
are utilized to enhance the performance of the frequency combs based on Brillouin random
fiber laser oscillation. Here, the performance enhancement effects of both mechanisms are
further investigated. As shown in Figure 6a, the spectra of the frequency combs emitted at
output port 2 and output port 1 with the EDFA output power of 850 mW and the pump
laser output power of 8.65 mW are compared, and there is no NOLM addition at this time.
It is obvious from the result that a larger number of Stokes and anti-Stokes lines in the
forward-propagating frequency combs are effectively excited and their power flatness is
significantly enhanced. This is because the backward-propagating Stokes light lacks the
amplification provided by the EDFA, resulting in the more severe power decrease with the
Stokes order due to the pump depletion effect. Consequently, the efficiency of FWM for
higher orders of Brillouin Stokes and anti-Stokes light is significantly limited due to the
low power of the high-order Stokes and anti-Stokes light, thus making it difficult for the
anti-Stokes light to overcome the loss in the cavity and become resonant. In addition, in the
backward direction which is opposite to the propagation direction of the pump light, only
weak Rayleigh-scattered pump light joins the FWM process in that direction, which also
limits the amplification for the backward-propagating anti-Stokes light through FWM. In
contrast, the Stokes light in the forward-propagating frequency comb is amplified by the
high-gain EDFA in the sub-cavity before it is launched into the HNLF. More importantly,
the forward-propagating Stokes light propagates in the same direction with the high-power
pump light, resulting in a much higher efficiency of the FWM than in the backward direction
and facilitating the excitation and amplification of the forward-propagating anti-Stokes
light. As shown in Figure 6b, after the NOLM was introduced into the main cavity, the
flatness of the forward-propagating frequency combs was further improved by virtue of
the unique input-power-dependent transmission characteristics of NOLM.

Photonics 2023, 10, x FOR PEER REVIEW 9 of 23 
 

 

are utilized to enhance the performance of the frequency combs based on Brillouin ran-

dom fiber laser oscillation. Here, the performance enhancement effects of both mecha-

nisms are further investigated. As shown in Figure 6a, the spectra of the frequency combs 

emitted at output port 2 and output port 1 with the EDFA output power of 850 mW and 

the pump laser output power of 8.65 mW are compared, and there is no NOLM addition 

at this time. It is obvious from the result that a larger number of Stokes and anti-Stokes 

lines in the forward-propagating frequency combs are effectively excited and their power 

flatness is significantly enhanced. This is because the backward-propagating Stokes light 

lacks the amplification provided by the EDFA, resulting in the more severe power de-

crease with the Stokes order due to the pump depletion effect. Consequently, the effi-

ciency of FWM for higher orders of Brillouin Stokes and anti-Stokes light is significantly 

limited due to the low power of the high-order Stokes and anti-Stokes light, thus making 

it difficult for the anti-Stokes light to overcome the loss in the cavity and become resonant. 

In addition, in the backward direction which is opposite to the propagation direction of 

the pump light, only weak Rayleigh-scattered pump light joins the FWM process in that 

direction, which also limits the amplification for the backward-propagating anti-Stokes 

light through FWM. In contrast, the Stokes light in the forward-propagating frequency 

comb is amplified by the high-gain EDFA in the sub-cavity before it is launched into the 

HNLF. More importantly, the forward-propagating Stokes light propagates in the same 

direction with the high-power pump light, resulting in a much higher efficiency of the 

FWM than in the backward direction and facilitating the excitation and amplification of 

the forward-propagating anti-Stokes light. As shown in Figure 6b, after the NOLM was 

introduced into the main cavity, the flatness of the forward-propagating frequency combs 

was further improved by virtue of the unique input-power-dependent transmission char-

acteristics of NOLM. 

  

(a) (b) 

Figure 6. Optical spectrum comparison between (a) forward-propagating and backward-propagat-

ing frequency combs with EDFA output power of 900 mW; (b) forward-propagating frequency 

combs with or without NOLM. 

3.2. Linewidth 

Linewidth is an important parameter to demonstrate the coherence of the laser beam. 

To characterize the linewidth of each Stokes and anti-Stokes random radiation of the pro-

posed FCG, a delayed self-heterodyne (DSH) measurement device was built. First, each 

order of Stokes and anti-Stokes random radiation in the generated frequency combs is 

filtered by a tunable bandpass filter (Alnair, BVF-300CL-SM-FA) with a set bandwidth of 

3.7 GHz. The selected Stokes/anti-Stokes light is then split into two parts by a 50:50 OC; 

one part is sent through an acousto-optic modulator (AOM) with an 80 MHz frequency 

1548.6 1548.9 1549.2 1549.5 1549.8 1550.1 1550.4 1550.7 1551

Wavelength (nm)

 Forward

 Backward

10

0

−10

−20

−30

−40

−50

O
p

ti
c
a
l 

p
o
w

e
r
 (

d
B

m
)

1548.6 1548.9 1549.2 1549.5 1549.8 1550.1 1550.4 1550.7 1551.0

Wavelength (nm)

 with NOLM

 without NOLM

−10

−5

0

5

10

15

O
p

ti
c
a

l 
p

o
w

e
r
 (

d
B

m
)

−15

−20

−25

−30

−35

−40

O
p

ti
c
a

l 
p

o
w

e
r
 (

d
B

m
)

Figure 6. Optical spectrum comparison between (a) forward-propagating and backward-propagating
frequency combs with EDFA output power of 900 mW; (b) forward-propagating frequency combs
with or without NOLM.

3.2. Linewidth

Linewidth is an important parameter to demonstrate the coherence of the laser beam.
To characterize the linewidth of each Stokes and anti-Stokes random radiation of the
proposed FCG, a delayed self-heterodyne (DSH) measurement device was built. First, each
order of Stokes and anti-Stokes random radiation in the generated frequency combs is
filtered by a tunable bandpass filter (Alnair, BVF-300CL-SM-FA) with a set bandwidth of
3.7 GHz. The selected Stokes/anti-Stokes light is then split into two parts by a 50:50 OC;
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one part is sent through an acousto-optic modulator (AOM) with an 80 MHz frequency
downshift, and the other part is sent into a 100 km delayed line fiber. The two parts
of the selected Stokes/anti-Stokes light with an 80 MHz frequency difference are then
recombined at another 50:50 OC and form a beat light with a central frequency of 80 MHz.
The generated beat light is detected by a photodetector (PD) (Thorlabs, PDB450) with a
bandwidth of 350 MHz, the electrical spectrum of the beat light is analyzed by an electrical
spectrum analyzer (ESA) and finally the spectral properties of selected Stokes/anti-Stokes
light in the frequency domain is characterized.

The measured electrical spectrum of the beat signal of the Stokes lines from first-order
to seventh-order is shown in Figure 7. Figure 7a shows an electrical spectrum comparison
between the beat signal of the pump light and the Stokes light, from which it can be seen
that the linewidth of the Stokes light is significantly narrowed compared to the pump light
thanks to the SBS process. The 20 dB linewidths of the pump light and the first-order to
seventh-order Stokes light were measured as 342.68, 8.687, 9.462, 8.823, 8.983, 13.475, 12.494
and 14.022 kHz, respectively. Correspondingly, the 3 dB linewidths of the pump light and
Stokes lines were obtained by dividing the 20 dB linewidth by 2 × (99)1/2, which are 17.22,
0.4365, 0.4755, 0.4434, 0.4514, 0.6771, 0.628 and 0.7046 kHz, respectively. All the measured
Stokes lines in the generated frequency combs exhibit sub-kHz linewidths, indicating
that the coherence of Stokes light is substantially enhanced as it is being resonated in the
half-open cavity.
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Figure 7. Cont.
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Figure 7. (a) DSH beating RF spectra of the pump laser and the 1st~7th order Stokes lines of the
proposed FCG for comparison; (b–h) DSH beating RF spectra of the 1st~7th order Stokes lines of the
proposed FCG, respectively.

In addition, the electrical spectra of the anti-Stokes lines from first-order to fourth-
order in the generated frequency combs have also been experimentally investigated for
the first time, and the measurement results are shown in Figure 8. The 20 dB linewidths of
the first-order to fourth-order anti-Stokes light were measured as 54.948, 72.731, 124.943
and 171.911 kHz, respectively. Correspondingly, the 3 dB linewidths of the pump light
and the first-order to fourth-order anti-Stokes lines were obtained by dividing the 20 dB
linewidth by 2 × (99)1/2, which are 2.76, 3.65, 6.28 and 8.64 kHz, respectively. From the
electrical spectrum comparison of the four orders of anti-Stokes and pump light as shown
in Figure 8a, it is clear that the linewidth of the anti-Stokes line is much smaller than that
of the pump light, mainly due to the linewidth-narrowing effect during the SBS process.
As can be seen in Figure 8f, the linewidth of the first-order anti-Stokes line is wider than
that of the first-order Stokes line, and this phenomenon is also present for Stokes and
anti-Stokes lines of other orders, which is due to the stronger dependence of the generation
of anti-Stokes light on the FWM process than that of Stokes light, making the coherence of
anti-Stokes lines slightly worse than that of Stokes lines. However, although anti-Stokes
lines exhibit slight linewidth broadening, the linewidth of kHz-level still proves that the
anti-Stokes lines generated by the proposed FCG are highly coherent, which can provide
the frequency combs required for a variety of application areas.



Photonics 2023, 10, 296 12 of 22
Photonics 2023, 10, x FOR PEER REVIEW 12 of 23 
 

 

  

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 8. DSH beating RF spectra of (a) the pump laser and the 1st~4th order anti-Stokes lines of the 

proposed FCG for comparation; (b–e) DSH beating RF spectra of the 1st~4th order anti-Stokes lines 

of the proposed FCG; (f) comparison of the 1st-order-Stokes line and the 1st-order-anti-Stokes line. 

3.3. Relative Intensity Noise 

The relative intensity noise (RIN) of the Stokes and anti-Stokes light of the generated 

frequency combs was measured, which was achieved by first recording the random laser 

emission and then calculating the power fluctuation normalized to the average power 

level. Similar to the linewidth measurement, the Stokes/anti-Stokes lines of the generated 

frequency combs were firstly selected using a filter with a 3.7 GHz bandwidth. In the ex-

periments, the RINs of the Stokes light from first order to seventh order and anti-Stokes 

light from first order to fourth order were measured and compared with commercial sem-

iconductor lasers. Firstly, the power of the light to be measured was adjusted to the same 

magnitude of 1 mW by a VOA and the output power of the commercial laser was also set 

to 1 mW in order to have a fair comparison. The time domain power traces of the light to 

be measured were then obtained by using a PD (Thorlabs, PDB435) with a bandwidth of 

150 MHz and recorded by an oscilloscope (TELEDY LECROY, HDO6104). After data 

79.6 79.8 80.0 80.2 80.4

Frequency (MHz)

 Pump

 1st-antiStokes

 2nd-antiStokes

 3rd-antiStokes

 4th-antiStokes

342.68 kHz

−20

−30

−40

−50

−60

−70

E
S

A
 o

u
tp

u
t 

(d
B

m
)

79.6 79.8 80.0 80.2 80.4

 1st-antiStokes

Frequency (MHz)

54.948 kHz

−20

−30

−40

−50

−60

−70

E
S

A
 o

u
tp

u
t 

(d
B

m
)

79.6 79.8 80.0 80.2 80.4

 2nd-antiStokes

Frequency (MHz)

72.731 kHz

−30

−35

−40

−45

−50

−55

−60

−65

E
S

A
 o

u
tp

u
t 

(d
B

m
)

79.6 79.8 80.0 80.2 80.4

 3rd-antiStokes

Frequency (MHz)

124.943 kHz

−35

−40

−45

−50

−55

−60

−65

E
S

A
 o

u
tp

u
t 

(d
B

m
)

79.6 79.8 80.0 80.2 80.4

 4th-antiStokes

Frequency (MHz)

171.911 kHz

−35

−40

−45

−50

−55

−60

−65

E
S

A
 o

u
tp

u
t 

(d
B

m
)

79.6 79.8 80.0 80.2 80.4

 1st-Stokes

 1st-antiStokes

Frequency (MHz)

−20

−30

−40

−50

−60

−70

E
S

A
 o

u
tp

u
t 

(d
B

m
)

Figure 8. DSH beating RF spectra of (a) the pump laser and the 1st~4th order anti-Stokes lines of the
proposed FCG for comparation; (b–e) DSH beating RF spectra of the 1st~4th order anti-Stokes lines
of the proposed FCG; (f) comparison of the 1st-order-Stokes line and the 1st-order-anti-Stokes line.

3.3. Relative Intensity Noise

The relative intensity noise (RIN) of the Stokes and anti-Stokes light of the generated
frequency combs was measured, which was achieved by first recording the random laser
emission and then calculating the power fluctuation normalized to the average power
level. Similar to the linewidth measurement, the Stokes/anti-Stokes lines of the generated
frequency combs were firstly selected using a filter with a 3.7 GHz bandwidth. In the
experiments, the RINs of the Stokes light from first order to seventh order and anti-Stokes
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light from first order to fourth order were measured and compared with commercial
semiconductor lasers. Firstly, the power of the light to be measured was adjusted to the
same magnitude of 1 mW by a VOA and the output power of the commercial laser was also
set to 1 mW in order to have a fair comparison. The time domain power traces of the light
to be measured were then obtained by using a PD (Thorlabs, PDB435) with a bandwidth
of 150 MHz and recorded by an oscilloscope (TELEDY LECROY, HDO6104). After data
processing, the RIN of Stokes light for the first seven orders and anti-Stokes light for the
first four orders as well as that of the semiconductor laser were obtained, as shown in
Figure 9.

It can be seen from Figure 9 that the RIN of each selected Stokes line and the anti-
Stokes line is higher than that of the commercial semiconductor laser, especially in the
low-frequency region of <1 kHz due to the effects of transient temperature variation and
mechanical vibrations in the environment to the resonant cavity. Furthermore, the RIN
of both the Stokes and anti-Stokes lines increases with their order due to the intensity
fluctuations of the pump light as well as low-order Stokes and anti-Stokes light that are
undoubtedly transferred to the generated higher-order Stokes and anti-Stokes light during
the cascaded SBS process, resulting in higher RIN of subsequent order Stokes and anti-
Stokes lines. It is worth noting that, as shown in Figure 9b, the RIN deterioration of
anti-Stokes light with increasing order is more severe than that of Stokes light, due to the
fact that most of the anti-Stokes lines originate from unstable FWM with lower coupling
efficiency, leading to the introduction of more noise.
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Figure 9. Relative intensity noise of (a) the Stokes random emissions of the first seven orders and the
pump laser and (b) the anti-Stokes random emissions of the first four orders and the pump laser.

3.4. Frequency Noise

The frequency noise of selected Stokes and anti-Stokes lines is also investigated and
compared with the commercial semiconductor laser. The measurement setup is a 3 × 3 un-
balanced Michelson fiber interferometer. In this measurement system, a 2 km SMF was
inserted into one arm as the delay line, and two Faraday rotation mirrors (FRM) at one
side are used to reflect the light and eliminate the additional optical path difference due
to the birefringence in the fiber. The output interference signal is detected at another side
by two PDs and read by an oscilloscope. The frequency noise was then demodulated by
implementing the differential cross-multiplication algorithm on the data collected by the
two PDs at a 10 kHz measuring bandwidth [37]. Finally, the measured frequency noise
spectra are plotted as shown in Figure 10.
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Figure 10. Frequency noise of (a) Stokes light of the first five orders and the pump laser and (b) the
anti-Stokes light of the first three orders and the pump laser.

From Figure 10, it is clear that the frequency noise of both Stokes and anti-Stokes light
is lower than that of commercial semiconductor lasers over the entire frequency range,
which is mainly attributed to the suppression of the frequency noise in the half-open main
cavity. Frequency noise suppression is mainly thanks to the suppression of the nominal
1/f noise from the thermal fluctuation that intrinsically exists in conventional cavity lasers
because of the long cavity length and randomly distributed feedback from the Rayleigh
scattering centers in the half-open main cavity. Furthermore, in agreement with the RIN
measurement results, the frequency noise of both Stokes and anti-Stokes lines increases
with the order number, which is caused by the transfer of noise from the pump light to the
subsequently generated Stokes and anti-Stokes light during the cascade SBS process.

3.5. Temporal Characteristics

The temporal characteristics of Stokes lines in the generated frequency combs and its
corresponding influence factors were experimentally investigated. Firstly, the pump power
input to the EDFA was fixed at 3 mW and the EDFA output power was set at 350 mW. The
temporal trace of the 1st-order Stokes lines selected by a filter with 3.7 GHz bandwidth was
recorded by a PD and digitized by an oscilloscope. Then, the output power of the EDFA is
gradually increased and the corresponding temporal trace of the 1st-order Stokes emission
is shown in Figure 11. For fairness, the power of the first-order Stokes line to be measured
generated with any EDFA output power is kept strictly at 1 mW by the VOA. From
Figure 11, it can be seen that the first-order Stokes line exhibits a quasi-continuous laser
emission when the EDFA output power is set at 350 mW. Subsequently, as the EDFA output
power is increased, the temporal trace of the first-order Stokes line progressively exhibits
more stochastic fluctuations and even sharp intensity fluctuation spikes, which are caused
by the decrease in the proportion of the pump light at the input port of the EDFA as the
proportion of Stokes and anti-Stokes light in the sub-cavity continues growing, absorbing
most of the amplification provided by the EDFA and leading to a distinct reduction in the
pump power amplification and a deteriorated SBS efficiency. When the output power of
the EDFA reaches 450 mW, the first-order Stokes light exhibits severe stochastic intensity
fluctuations, which indicates that the emission is only weakly resonated at this time.

In addition, in order to further demonstrate that the above-mentioned deterioration
in the quality of the first-order Stokes light due to the decrease in the proportion of pump
light in the EDFA input light, the relationship between the pump power and the state of
the temporal trace of the first-order Stokes light has also been investigated and the results
are shown in Figure 12. Firstly, the output power of the EDFA is set at 450 mW and the
pump power is set at 3 mW, in which case the temporal trace of the first-order Stokes line
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exhibits severe stochastic intensity fluctuations as shown in Figure 12a. Subsequently, by
gradually increasing the pump power from 3 mW to 5 mW, the time-domain intensity trace
of the first-order Stokes line progressively stabilizes and the spikes of stochastic intensity
fluctuation gradually decrease until they disappear, as shown in Figure 12a–e.
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Figure 12. Temporal trace of first-order Stokes light in generated FCG at the pump power of (a) 3 mW,
(b) 3.5 mW, (c) 4 mW, (d) 4.5 mW and (e) 5 mW, and at the EDFA output power of 450 mW.

The above experiment shows that the generation of frequency combs in the dual-cavity
Brillouin random oscillation device requires attention to the adjustment of the ratio of the
power of the pump light to the power of the feedback light in the sub-cavity, in order
to achieve more Stokes lines for the generated frequency combs and better stability and
coherence of each order of Stokes light.

The noise of different-order Stokes and anti-Stokes lines of the generated frequency
combs has been investigated above, revealing the noise transfer characteristics present in
this Brillouin-scattering-based FCG. Therefore, in order to further investigate the dynamic
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properties of the Stokes and anti-Stokes lines of different orders, the temporal traces of
different-order Stokes and anti-Stokes lines were studied in detail. Figures 13 and 14 show
the temporal traces of Stokes light of order one to seven and anti-Stokes light of order one
to four filtered out by using a filter with 3.7 GHz bandwidth at the pump power of 8.65 mW
and EDFA output power of 500 mW, respectively.
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As can be seen in Figure 13, the temporal trace of the first-order Stokes line in the
FCG is very stable, and there are hardly any intensity fluctuations in the time domain.
However, the intensity fluctuations of the Stokes light appear and are gradually exacerbated
as the order increases, which is consistent with the experimental results of the noise
measurements. At the same time, the initial symmetric Gaussian distribution of the Stokes
light temporal intensity trace becomes gradually asymmetric and eventually evolves to
an approximate gamma distribution as the order increases. In fact, the main reason for
the deterioration of the laser quality of higher-order Stokes light is none other than the
transfer and accumulation of noise in the SBS process among different orders of Stokes
and anti-Stokes lines and the extra noise introduction in the sub-cavity. In addition, with
the introduction and accumulation of noise, the stability as well as the coherence of the
higher-order Stokes light are reduced, making the Stokes light generated by the SBS process
at this order more difficult to be resonated in the main cavity, which further deteriorates
the coherence of the Stokes light at the next higher order. Thus, the time-domain intensity
distribution of these Stokes lines has low stability, and coherence is similar to that of the
Stokes light produced in the non-resonant SBS process. Moreover, a similar phenomenon is
observed for the anti-Stokes lights of order one to four as illustrated in Figure 14, and the
overdependence of the anti-Stokes lines on the parametric gain of the FWM leads to a faster
stability deterioration of its temporal trace with order increase than that of the Stokes lines.

In summary, the data analysis shows that the laser quality of each order of Stokes and
anti-Stokes light is different in the frequency combs generated by the proposed FCG based
on SBS and FWM processes, and the laser quality will deteriorate with the order of SBS
process, which is an issue worth being noted and resolved in future work.
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4. Discussion

For laser-based frequency comb generators, the number, OSNR, power derivation
of tooth and the stability and coherence of each tooth are critical. MW-BRFL with nar-
row bandwidth, inhomogeneity, high gain coefficient and efficient linewidth suppression
characteristics of Brillouin gain and noise suppression capability of random distributed
feedback provided by Rayleigh scattering can achieve narrow linewidth, low noise and
relatively stable multi-wavelength laser output. In the recently published work, several
typical MW-BRFLs have been implemented and characterized. In reference [59], the first
MW-BRFL with a dual-cavity structure was proposed, where a 25 km SMF and a 5 km
non-uniform fiber were used to provide Brillouin gain and random distributed feedback,
respectively. Due to the low gain coefficient of the SMF and the limitation of the EDFA
output power, multi-wavelength laser output with only six orders of Stokes lines was
finally achieved. Subsequently, to enhance the stability of multi-wavelength laser output, a
dual-cavity MW-BRFL based on a polarization-maintaining fiber was proposed to suppress
noise and stabilize laser output by eliminating random changes in the polarization state
of light in the resonant cavity [60,61]. In addition, another MW-BRFL based on random
fiber grating is proposed. With the strong Rayleigh scattering effect in the centimeter-long
random fiber grating, the number of generated Stokes lines in the laser output is raised
to 14, while ensuring low noise and stability of the laser output [62]. However, the multi-
wavelength laser output achieved by these efforts is bound to be bottlenecked by gain and
pump power limitations, regardless of the method used to boost the number of Stokes
lines. In this work, the introduction of the FWM effect in the fiber allows the anti-Stokes
light, which has always been buried in the bottom noise, to be enabled and amplified,
which undoubtedly increases the number of lasing lines in the laser output exponentially,
without the need for excessive pump power. This allows this experiment to achieve a stable
laser output with 17 orders of Stokes lines and 15 orders of anti-Stokes lines. Although
the FWM effect in optical fibers is common, the present work provides an unprecedented
and significant study on the properties of resonant anti-Stokes lines in MW-BRFL based on
this effect.

It is worth noting that this experiment has proposed a novel MW-BRFL while there
are still some points to be optimized. These include the enhancement of the Stokes line
flatness, the laser output power, the number of Stokes/anti-Stokes lines, and the stabil-
ity and linewidth of each order of Stokes/anti-Stokes lines. The improvement for line
flatness can be achieved by optimizing the power-averaging capability of the NOLM by
better balancing the relationship between its rate of transmissivity variation with incident
optical power and the additional losses it introduces. The output power of the laser and
the number of generated resonant lines can be achieved by the use of high-gain EDFA
and higher-nonlinearity HNLF, in addition to optimizing the system structure and reduc-
ing intracavity losses. The optimization of the linewidth and stability of each order of
Stokes/anti-Stokes lines needs to filter out the redundant random resonant modes within
the Brillouin gain bandwidth by using a narrow-bandwidth optical fiber filter to compress
the mode competition and multi-mode resonance.

5. Conclusions

In conclusion, a frequency comb generator was experimentally demonstrated based on
the dual-cavity Brillouin random oscillator including a main cavity and a sub-cavity. The
half-open main cavity incorporates a section of HNLF with a high nonlinearity coefficient
(≥10 W−1·km−1 @1550 nm) as Brillouin gain fiber, Rayleigh scattering fiber to provide
random distributed feedback and the NOLM as a power balancer to obtain the Brillouin
random resonance. The sub-cavity includes an EDFA to boost and couple back the low-
order Stokes light for the cascade SBS process. Furthermore, the FWM effect in the HNLF is
effectively excited under phase-matching conditions, which not only increases the number
of frequency combs but also boosts the power of the multi-order Stokes and anti-Stokes
light. The NOLM with its unique transmission spectrum is used to balance the power
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between the different orders of Stokes and anti-Stokes light to achieve a smaller power
difference. Eventually, 17 orders of stable Stokes lines and 15 orders of stable anti-Stokes
lines within a 10 dB power deviation were obtained with the minimum OSNR of ~10 dB
and ~7.5 dB, respectively. In addition, the characteristics of FCG have been experimentally
investigated. Both Stokes and anti-Stokes light exhibit the linewidths on the order of kHz or
even sub-kHz and an inter-peak spacing of 0.076 nm. As the order of Stokes and anti-Stokes
light increases, both RIN and frequency noise gradually accumulate, showing a tendency to
become progressively more severe. Importantly, the properties of the anti-Stokes line in the
generated frequency comb were studied for the first time. Experiments have demonstrated
that the regulation of the power ratio of the pump light to the sub-cavity feedback light
during the generation of the frequency combs deserves attention. Such an FCG with fixed
frequency spacing will find promising applications in fields of optical communications,
microwaves, optical sensing, etc.
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