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A switchable and tunable multi-wavelength Brillouin erbium-doped fiber laser (MWBEFL) is designed and experi-

mentally demonstrated. A Sagnac loop filter is employed as the switcher to obtain the double Brillouin frequency shift
(BFS) of 0.172 nm (~20 GHz) and the quadruple BFS of 0.35 nm (~40 GHz). The working principles of the proposed
laser are theoretically analyzed. The experimental results show that up to 8 Stokes lines with a wavelength interval of

0.172 nm can be obtained. When the Sagnac loop filter is used, two different output spectra with wavelength interval

of 0.35 nm are obtained by adjusting the polarization controller (PC) and the optical signal-to-noise ratio (OSNR) is

greater than 33 dB. By adjusting the Brillouin pump (BP) wavelength to investigate the tunability of the fiber laser, the

output of 2—S5 laser channels can be realized corresponding to 20 nm wavelength range. This approach is simple and

can be employed for the microwave generation of other frequency ranges subject to the filtering shift of the Sagnac

loop.
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With the rapid development of wireless communication
technology, the demand for bandwidth is increasing, and
the frequency band resources in the low-frequency band
are almost completely occupied, while the
high-frequency microwave signals can well meet the
transmission bandwidth requirements of modern com-
munication technology!' ™. Therefore, obtaining stable
high-frequency microwave signals has become a key
issue in wireless communication. The main generation
methods are electron-generated microwave and pho-
ton-generated microwave. Electron-generated microwave
usually has complex system structure and high cost, and
is also affected by the electronic bottleneck effect, which
is not suitable for the development of communication
system. But photon-generated microwave not only over-
comes the electronic bottleneck effect but also has a
strong anti-interference ability and large bandwidth™>®),
so it attracts more attention. There are many ways to
generate microwave signals using photons, such as opti-
cal heterodyne!”), optical injection locking™'", and opto-
electronic oscillator (OEO)!'"'?. Optical heterodyne is a
relatively simple technique for generating microwave
signals, but there is no phase relationship between the
two optical signals and the stability of the generated mi-
crowave signals is poor. Although optical injection lock-
ing can make the optical signal phase-correlated, it re-

quires a high-quality microwave reference signal. OEO
is mainly composed of a laser, electro-optic modulator,
photo detector, and other devices to form a feedback
loop. The advantage is that the phase noise is very low
and the frequency can be tuned. For example, CHEN et
al'™ proposed an OEO based on a directly modulated
laser. The semiconductor laser serves as both a light
source and an electro-optic modulator and obtains a mi-
crowave signal of 8.6—15.2 GHz by using single-period
oscillation as a frequency selection mechanism. TANG et
al'" proposed an OEO based on a microwave photonic
filter and obtained a microwave signal with a frequency
tuning range of 0—40 GHz through stimulated Brillouin
scattering (SBS) in highly nonlinear fiber. In addition,
dual-wavelength single longitudinal mode fiber laser can
also produce microwave signals'”. FENG et al''® de-
monstrated a scheme to achieve single longitudinal mode
selection by using a figure-8 compound ring cavity and a
polarization-managed four-channel filter, and obtained
four stable single-wavelength and tunable microwave
signals. However, the structure of these systems is com-
plex, and the OEO is also affected by electronic devices,
which cannot avoid the electronic bottleneck effect. There-
fore, in recent years, many researchers have used Bril-
louin fiber lasers to generate high-frequency microwave
signals.
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SBS is an important nonlinear effect in optical fiber,
and its low threshold and frequency shift characteristics
contribute to the generation of microwave signals!'”'®!,
The frequency of the microwave signal is determined by
the Brillouin frequency shift (BFS) of the Brillouin gain
fiber. For the conventional quartz single mode fiber
(SMF), the BFS is about 11.1 GHz. If want to output a
higher-frequency microwave signal, we need to cascade
the SBS effect to generate higher-order Stokes light. For
example, PEDRUZZI et al'"” used nonzero dispersion
shifted fiber as Brillouin gain medium and obtained mi-
crowave signals of 9.78 GHz, 19.56 GHz, and
29.12 GHz through different experimental devices. JIA et
al®™ used a Brillouin fiber laser with a double-loop
structure and unpumped erbium-doped fiber (EDF) to
generate dual-wavelength lasers. After filtering the third
order Brillouin Stokes light (BS3) by fiber Bragg grating
(FBG), BS1 and BS5 can be output, so the microwave
signal of 42.85 GHz is obtained. WANG et al®"! obtained
a microwave signal of about 40 GHz by cascading mul-
tiple Brillouin gain fibers, but the fiber length is as long
as 112 km and the pump power is as high as 1.1 W. The
above system structure of generating high-frequency
microwave signals based on the SBS effect is more com-
plex, because it requires multiple Brillouin gain fibers
and excessive pump power, resulting in separation from
practical applications.

In this paper, we propose a multi-wavelength Brillouin
erbium-doped fiber laser (MWBEFL) which combines
the nonlinear effect of SBS with the Sagnac loop filter,
and the BFS in SMF and the output high-order Stokes
light is theoretically analyzed. When the 980 nm pump
power and Brillouin pump (BP) power are 140 mW and
4 mW, respectively, adjusting the polarization controller
(PC) can output two different comb spectra with a wave-
length interval of quadruple BFS (0.35 nm) and optical
signal-to-noise ratio (OSNR) is greater than 33 dB. Sub-
sequently, the variation of output spectrum when chang-
ing 980 nm pump power and BP power is studied, and
the tuning range of 20 nm is achieved by adjusting BP
wavelength without the appearance of self-excited oscil-
lation mode. The peak power fluctuation of Stokes light
measured within 20 min is less than 0.5 dB, indicating
that the proposed MWBEFL has stable multi-wavelength
output.

BFS can be understood as that the frequency of the
Stokes light will shift down relative to the frequency of
the BP light, that is, there is a certain difference, and BFS
can be expressed as*”
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where n. represents the refractive index of the fiber me-
dium, V, represents the moving speed of the sound wave
in the fiber, 4, is the wavelength of incident light, and 6
is the angle between the pump light and the Stokes light.
Since the core diameter of the SMF is negligible, the
optical signal can only propagate forward or backward
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along the axis, and other propagation modes will be sup-
pressed. It can be seen from the above Eq.(1) that the
frequency shift of Stokes light is related to . When the
incident light propagates forward (6=0), there is a mini-
mum value, that is, BFS is 0; when the incident light
propagates backward (6=n), the Brillouin frequency shift
reaches the maximum value, which can be expressed as

y, = 2aa
AP

Based on the previous researchm], ne~1.45 is ob-
tained when the pump wavelength changes in the range
of 1550nm, and V,=5945m/s and A,=1 550 nm are
brought into Eq.(2) to obtain Vz=11.1 GHz.

After the theoretical derivation of BFS, the Stokes
light in the output spectrum is analyzed. When the BP
light reaches the threshold at the SMF, the first order
Brillouin Stokes light (BS1) with reverse transmission is
generated, and its frequencyV is expressed as follows

2n.Vy

Ayt Ay
where Vpp represents the frequency of BP light,
Ag=2neVA/c is the fixed wavelength interval between
adjacent Stokes light signals, ¢ is the speed of light, and
Ag= 0.088 nm is calculated.

Similarly, when BS1 is amplified by erbium-doped fi-
ber amplifiers (EDFAs) and reaches the threshold again,
BS2 with reverse transmission is generated, and its fre-
quency is represented by V7, as shown below:

:VBP—jnf L ey g
st Ay A, 24
Therefore, as long as the total gain in the cavity is
greater than the total loss, higher-order Stokes light can
be output, and its frequency can be obtained by the fol-

lowing formula:

: : 2neff I/a
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where i represents the order of Brillouin Stokes light.
Finally, the obtained high-frequency microwave signal
with a frequency interval of about 20 GHz and 40 GHz
can be described as
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The experimental structure of MWBEFL with 40 GHz
frequency shift interval is shown in Fig.1. The laser cav-
ity structure consists of a four-port circulator (CIR) and
two 3 dB 2%2 couplers (OC1 and OC2). The BP provided
by the tunable laser (TLS) enters the cavity through
OC1. The gain in the cavity is mainly provided by
EDFA1 and EDFA2, both of which are composed of a
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980 nm pump light source, wavelength division multi-
plexer (WDM), and EDF with a length of 5 m. They are
used to provide linear gain to amplify BP and low-order
Stokes light. The SMF with a length of 10 km contained
on the left side of the CIR is used as the Brillouin gain
medium. The Sagnac loop filter connected at OC1 con-
sists of OC2, PC, and polarization-maintaining fiber
(PMF) with a length of 13.5 m. PC is used to adjust the
polarization state of the input light. Isolator (ISO) is used
to prevent the light of the filter from damaging the TLS.
The output spectrum is measured by an optical spectrum
analyzer (OSA, YOGAWA AQ6370B) at the OC2 port
with a resolution of 0.02 nm.

Fig.1 MWBEFL experimental structure with 40 GHz
frequency shift interval

The optical transmission process of the Sagnac loop
filter in the experimental structure is analyzed. When the
incident light enters OC2 through ISO, the light will be
divided into two beams that propagate clockwisely and
counterclockwisely. The beams pass through PMF re-
spectively. The birefringence of PMF results in a phase
difference between two beams. The interference coupling
output occurs when returning to OC2 again. Through the
analysis of Jones matrix theory, the transfer function 7 of
the Sagnac loop filter is as follows!**!

T =(1-2k)’ +4k(1-k)sin’ 6, cos’ p, (8)

where k is the coupling ratio of OC2, 6, is the rotation
angle of PC, p=nAnLpy/A represents the phase differ-
ence generated when light is transmitted on the fast and
slow axes of PMF, An denotes the effective birefringence
difference between the fast and slow axes, Lpyr is the
length of PMF, and 4 is the wavelength of incident light.
The wavelength interval is calculated by
AJ=)*/AnLpye. Since the length of the PMF used in the
experimental device is 13.5m, and the difference be-
tween the birefringence of the fast axis and the slow axis
is 5.1x10™, the wavelength interval is calculated to be
0.35 nm. The simulated transmission spectrum of the
Sagnac loop filter is shown in Fig.2(a). In order to verify
the above theoretical analysis of the filter, the experi-
mental test is carried out shown in Fig.2(b), and the ex-
perimental transmission spectrum with a wavelength
interval of 0.35 nm is obtained, indicating that the meas-
ured results are consistent with the simulation analysis.
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Fig.2 (a) Simulated and (b) experimental transmission
spectra of the Sagnac loop filter

The process of generating high-order Stokes light by
the proposed laser is as follows. When the TLS output
BP light is injected into the cavity through OCl, it is
pre-amplified by EDFA1, and transmitted clockwisely to
SMF through port 1 of CIR. Once the BP light reaches
the threshold of SBS, BSI can be generated. Due to the
backward propagation property of Brillouin scattering,
BS1 propagates counterclockwisely from port 2 of CIR
and enters SMF again after amplification by EDFA2.
When the power of BS1 is greater than the threshold
power, the generated BS2 propagates in the opposite
direction and enters OC1 through port 4 of CIR. One part
of the BS2 enters the Sagnac loop filter, and the other
part enters the CIR as new BP light, continuously circu-
lating the above process until the total gain in the cavity
does not exceed the SBS threshold. After the part of high
order Stokes light enters the Sagnac loop filter, the
transmission spectrum of the filter can be continuously
moved to select corresponding comb lines by adjusting
PC. Finally, two different output spectra with a wave-
length interval of 0.35 nm are obtained, that is, micro-
wave signal with a frequency shift of about 40 GHz.

Firstly, the self-excited oscillation spectra of the de-
signed multi-wavelength laser are researched. With TLS
off, the output characteristics of the designed
multi-wavelength laser are tested experimentally. When
the 980 nm pump power is set to 350 mW, the
self-excited oscillation mode is found near 1 562.5 nm in
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the 40 nm span, as shown in Fig.3. It shows that the
maximum net gain of the multi-wavelength laser is
around 1562.5nm. Since the self-excited oscillation
mode consumes the EDF gain, the BP wavelength should
be set near the gain peak to suppress the influence on the
output spectrum.
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Fig.3 Self-excited oscillation spectrum of the de-
signed multi-wavelength laser

Secondly, the output spectra of the proposed
multi-wavelength laser are researched without the
Sagnac loop filter in the cavity. The wavelength and
power of TLS are set at 1 562.23 nm and 4 mW, and the
980 nm pump power is 130 mW. Eight Stokes lines with
a wavelength interval of 0.172 nm can be obtained and
the peak powers are —0.93 dBm, —1.1 dBm, —1.3 dBm,
-1.9dBm, —24dBm, -3.6dBm, —5.66dBm,
38.78 dBm, respectively, as shown in Fig.4. It can be
seen from Fig.4 that even order Stokes light is mainly
generated, while the peak power of odd order Stokes
light is much lower than that of even Stokes light, but it
still exists. The reason for this phenomenon is the ran-
domly distributed feedback mechanism takes place in
SMF and the Stokes light is randomly backward scat-
tered following the Rayleigh law of scattering. In addi-
tion, there are weak anti-Stokes light and higher-order
Stokes light on both sides of the output spectrum. This
phenomenon is due to the four-wave mixing effect of
Stokes light in 10 km SMF and the use of two EDFAs in
the experimental structure, so that the anti-Stokes light
and higher-order Stokes light are increased.

Thirdly, when the Sagnac loop filter is connected in
the proposed multi-wavelength laser by OC1, the 980 nm
pump power is set to 140 mW, the BP power is 4 mW,
and the BP wavelength is 1562.23 nm. Two different
comb spectra with a wavelength interval of 0.35 nm are
obtained, as shown in Fig.5. By adjusting PC, part of the
even order Stokes light is located at the peak of the
Sagnac loop filter to obtain the maximum transmittance,
namely BP, BS4, BS8, BS12, and BS16. The peak power
of each lasing channel is —7.46 dBm, —8.16 dBm,
—9.6 dBm, —11.68 dBm, —18.21 dBm, and the OSNR is
greater than 33 dB. While the rest of the even Stokes
light and anti-Stokes light is at the valley value of the
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filter, almost suppressed, and the minimum transmittance
is obtained, namely BS2, BS6, BS10, and BS14, as
shown in Fig.5(a). After carefully adjusting the angle of
the PC again, the comb spectrum of the output four
wavelengths can be obtained, indicating that these wave-
lengths are at the peak of the filter, which are BS2, BS6,
BS10, and BS14, respectively. Their peak power is
—7.17 dBm, —7.74 dBm, —9.19 dBm, —13.37 dBm, and
the OSNR is greater than 33 dB, as shown in Fig.5(b).
The wavelength interval of the two output spectra is al-
most the same as the 0.35 nm wavelength interval of the
Sagnac loop filter analyzed above, that is, quadruple BFS
between each Stokes light, so a microwave signal of
about 40 GHz is obtained.
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Next, further discussion of the influence of 980 nm
pump power and BP power on multi-wavelength output
properties is executed. The BP wavelength is set to be
1 562.23 nm and the power is 4 mW. The output spectra
at different 980 nm pump powers are measured, shown in
Fig.6. When the pump power is 50 mW, there are 3 laser
channels. The pump power is increased to 90 mW to
generate the fourth wavelength. Further adjusting the
pump power to 140 mW, the fifth laser channel appears
in the output spectrum. As the pump power increases to
200 mW, the wavelength number of the output spectrum
is reduced to 3. Therefore, it can be concluded from
Fig.6 that the number of output wavelengths increases
first and then decreases with the increase of pump power.
This is because when the pump power is at a low value,
the gradually increasing pump power makes the
low-order Stokes light obtain more linear gain, and it is
easier to reach the SBS threshold, thereby generating
higher-order Stokes light. When the pump power is
140 mW, there is a maximum number of output wave-
lengths. However, if the pump power is further in-
creased, the number of wavelengths will decrease. The
reason may be that the self-excited oscillation mode in
the cavity gradually enhanced, which will absorb part of
the pump gain, resulting in the low-order Stokes light
cannot overcome the loss in the cavity to generate
higher-order Stokes light.
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Fig.6 Output spectra at different 980 nm pump powers

The BP power is also an important factor affecting the
Stokes light output and appropriate BP power is helpful
to improve the number of Stokes light. The 980 nm
pump power is fixed at 140 mW and the BP wavelength
is 1562.23 nm, when the BP power is set to 4 mW,
8 mW, 16 mW, and 25 mW, the number of output Stokes
light is 5, 4, 4, 3 respectively, as shown in Fig.7. It can be
seen from Fig.7 that with the increase of BP power, the
Stokes light gradually decreases. The reason for this
phenomenon is that high BP power makes EDF reach
gain saturation, and low-order Stokes light obtains less
linear gain, which leads to the gradual weakening of the
SBS effect and the inability to produce higher-order
Stokes light. At the same time, high BP power is easy to
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produce anti-Stokes light, which will also consume part
of the gain. Therefore, BP power and 980 nm power need
to be optimized to prevent EDF from reaching gain satu-
ration.
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Fig.7 Output spectra at different BP pump powers

The tunability of multi-wavelength laser is researched
by adjusting the BP wavelength. When the 980 nm pump
power is fixed at 140 mW and the BP power is set as
4 mW, the BP wavelength is gradually increased from
1552 nm to 1572 nm with a step length of 1 nm. The
number of output wavelengths in the range of 20 nm is 2
to 5, and there is no self-excited oscillation mode in the
whole test range. Stable multi-wavelength output is al-
ways maintained, and some BP wavelength output results
are shown in Fig.8. Obviously, the number produced near
1562 nm is the largest, because it is near the optimal
gain wavelength, that is, the self-excited oscillation
mode. When the BP wavelength is gradually adjusted
away from the gain peak, it is found that the number of
laser channels decreases. The reason is that when the BP
wavelength exceeds the gain range of the EDFA, the
low-order Stokes light cannot be fully amplified and
cannot reach the threshold of higher-order Stokes light.
At the same time, it is also seen from Fig.8 that OSNR
gradually decreases with the increase of BP wavelength.
The reason may be that when the BP wavelength is
small, the BP power can suppress the spontaneous emis-
sion of background noise. When the BP wavelength
gradually increases, the increased EDF gain brings
higher spontaneous emission background noise, but the
BP power remains unchanged, so the OSNR gradually
decreases to 31 dB.

In order to better evaluate the performance, Tab.l
compares the proposed scheme with the reported
multi-wavelength Brillouin erbium-doped fiber random
lasers, where / indicates that the item is not mentioned.
Compared with the literature in Tab.1, the main differ-
ence of this paper is that the simple Sagnac loop filter is
used to realize the switching of the frequency interval of
the laser, which improves the flexibility and the pump
power is lower. Although Refs.[19,20] can also switch
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the frequency interval, the experimental structure is rela-
tively complex due to the use of multiple SMFs. At the
same time, the number of output wavelengths of the laser
proposed in this paper is significantly increased when the
pump power is comparable to that of Ref.[20]. Compared
with Refs.[24,25], the required pump power is signifi-
cantly reduced, but the number of wavelengths is not
significantly reduced. In addition, the tunable range of
the output spectrum is also improved compared to
Ref.[25].
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Tab.1 Comparison of lasers between this work and
other works

Refer- Frequency Wavelength Pump Tuning
ence interval number power range
9.78/19.56/
[19] 11 336 mW /
29.12 GHz
10.66/21.39/
[20] 2 130 mW /
32.12/42.85 GHz
[24] 22 GHz 12 450 mW 20 nm
[25] 43.5 GHz 7 520 mW 14.9 nm
This
20/40 GHz 8 140 mW 20 nm
work

In order to explore the stability of the proposed
MWBEFL at room temperature, the PC angle is kept in
the case where the output spectrum has 5 laser channels.
The multi-wavelength output spectrum is recorded every
6 min within 60 min. The stability of the obtained
multi-wavelength output spectrum and output power are
shown in Fig.9(a) and (b), respectively. It can be seen
that the output spectrum maintains a relatively constant
multi-wavelength shape during the test period, and no
laser channel disappears in the spectrum or has a large
offset. However, the measured BS16 has a large peak
power fluctuation, with a maximum fluctuation of
2.4 dB. The reason is that the high-order Stokes light is
excited by the low-order Stokes light, and the instability
of the low-order Stokes light will gradually accumulate
to the high-order Stokes light with the cascade process of
SBS, resulting in the last-order Stokes light usually a
large power fluctuation. But other Stokes light is in a
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stable oscillation state, and the measured peak power
fluctuation is less than 0.5 dB. The results show that the
proposed laser can achieve stable multi-wavelength out-
put at room temperature.
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Fig.9 (a) Stability of multi-wavelength output spectra
and (b) peak power fluctuation of lasing lines

We have successfully demonstrated an MWBEFL with
a 40 GHz frequency shift interval and researched by
theoretical analysis and experimental verification. The
microwave signal of about 40 GHz can be obtained by
nonlinear effect SBS and comb filter. When the Sagnac
loop filter is not used, up to 8 Stokes lines with wave-
length intervals of 0.172 nm are generated. When con-
tacting the Sagnac loop filter into the proposed laser cav-
ity, two different output spectra with wavelength interval
of 0.35 nm are obtained by adjusting the PC, and the
OSNR is greater than 33 dB. The effects of different
980 nm pump power, BP power, and BP wavelength on
the output spectrum are analyzed in detail. The experi-
mental results show that the BP power and 980 nm
power need to be optimized to prevent the EDF from
reaching gain saturation. When the BP wavelength is set
near the self-excited oscillation mode, the number of
output wavelengths reaches the maximum and the
multi-wavelength output can be tuned in the wavelength
range of 20 nm. In addition, the laser also has good sta-
bility, and the peak power fluctuation is less than 0.5 dB.
In summary, the designed MWBEFL not only has a simple



Ql et al.

structure but also has the characteristics of switchability
and tunability. The 40 GHz channel interval reduces the
difficulty of multiplexing, and better meets the needs of
the dense wavelength division multiplexing system. The
generated high-frequency microwave signals can have
good application prospects in radar detection, optical
fiber sensing, and other fields.
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