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Abstract: A narrow-linewidth eight-wavelength-switchable erbium-doped fiber laser is proposed,
and its performance is demonstrated. A cascaded superimposed high-birefringence fiber Bragg
grating is used to determine the lasing wavelengths. The combination of a Fabry–Pérot filter and
a single-coupler ring is adopted to achieve the single-longitudinal-mode (SLM) oscillation. By
introducing the enhanced polarization-hole-burning effect to suppress the gain competition between
different wavelength lasers, the stable lasing output is guaranteed. When the pump power is
200 mW, by adjusting the polarization controller to balance the gain and loss in the laser cavity,
24 switchable lasing modes are achieved, including 8 single-wavelength operations and 16 dual-
wavelength operations with orthogonal polarization states. For single-wavelength operations, every
laser is in the SLM lasing state, with a high stabilized optical spectrum, a linewidth of approximately
1 kHz, an optical signal-to-noise ratio (OSNR) as high as 73 dB, a relative intensity noise of less than
−150 dB/Hz, and very good polarization characteristics. For dual-wavelength operations, the lasers
also have a stable spectrum and an OSNR as high as 65 dB. The proposed fiber laser has a wide range
of applications, including long-haul coherence optical communication, optical fiber sensing, and
dense wavelength-division-multiplexing.

Keywords: fiber laser; wavelength-switching; single-longitudinal-mode; narrow linewidth

1. Introduction

The single-longitudinal-mode (SLM) fiber laser has been widely studied. Due to its
high light conversion efficiency, low noise, high coherence, and all optical fiber structure,
the SLM narrow-linewidth fiber laser has a great application value in coherent optical com-
munication, optical fiber sensing, microwave photonics, and LiDAR [1–5]. In recent years,
SLM narrow-linewidth fiber lasers, capable of wavelength-tuning and multi-wavelength-
switching, were studied [6–11]. These lasers will be further applied in several domains,
such as dense wavelength-division-multiplexing optical communication, multi-parameter
optical fiber sensing, etc.

Several methods allowing to obtain multi-wavelength fiber laser output have been
reported. For example, a multi-channel optical filter has been introduced into a main-ring
cavity (MRC), including a waveguide micro-ring [12], Sagnac ring mirror [13], micro-ring-
resonator [6], Mach-Zehnder interferometer (MZI) [14], core-offset few-mode fiber filter [15],
and fiber Bragg grating (FBG) with multi-channels [10,11,16,17]. Since the multi-channel
FBG has many advantages, such as simple preparation, high stability, and narrow-band
filtering, it is widely applied in fiber lasers to perform multi-wavelength lasing. The strong
gain competition is introduced into the laser cavity among different lasing wavelengths,
due to the homogenous broadening effect of the rare-earth-doped gain fibers. In order to
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achieve the simultaneous output of lasers with different wavelengths, the gain and loss
of each laser should be balanced using an effective stabilizing mechanism. The stable
multi-wavelength lasing output was achieved due to the introduction of the following
mechanisms in a fiber laser cavity: a light amplitude equalizer [18,19], four-wave mixing
effect [20], and polarization-hole-burning (PHB) effect [10,11,21]. The high-birefringence
FBG (HBFBG), which has two reflecting filtering channels with orthogonal polarization
states, combines the PHB effect in the gain fiber to mitigate gain competition between
two lasing wavelengths. In addition, by adjusting the light polarization in the MRC,
the polarization-dependent-loss (PDL) can be introduced at the HBFBG. Then the stable
switchable lasing outputs with two different wavelengths and orthogonal polarization
states and the dual-wavelength lasing output can be obtained. By reasonably designing the
HBFBG structure, our group [11] used a superimposed HBFBG (SI-HBFBG) to select the
lasing wavelengths in an erbium-doped fiber laser (EDFL), and achieved a stable switchable
operation among four lasing wavelengths and fifteen lasing states [11]. Based on the good
polarization characteristics of HBFBG, it is expected to design polarization-dependent
filters with more channels to develop multi-wavelength-switchable fiber lasers.

The SLM fiber laser can be developed by two short linear cavity structures, including
the distributed feedback (DFB) and the distributed Bragg reflector (DBR) [22,23], as well
as a ring cavity structure with an ultra-narrow-band filter [10,11,24], such as a compound-
ring cavity [10,11,25,26], an FBG [27,28], and an unpumped rare-earth-doped fiber-based
saturable absorber (SA) [9,24]. Having a simple structure and a stable operation, DFB and
DBR are still the main types of fiber lasers on the market [4]. However, using these lasers,
it is difficult to satisfy some needs in many specific applications, and the ultra-narrow-
linewidth laser output requires a complex frequency stabilization. However, the length
of the ring cavity is not strict. Therefore, the higher power and ultra-narrow-linewidth
laser output can be achieved, and various functional devices can be inserted into the ring
cavity to achieve a multi-function lasing operation. Unfortunately, the longtime stability
of the above ultra-narrow-band SLM filters is the main current problem, which limits
their real applications. The Fabry–Pérot (F-P) filter is a high finesse comb filter, often
used for wavelength calibration and frequency stabilization [4,29]. It has a large operating
bandwidth and a stable performance, and it has developed into a mature commercial
filter. By reasonably designing the free spectrum range (FSR) and full-width at half-
maximum (FWHM) of the F-P filter, besides the use of a multi-channel filter to select
the lasing wavelengths, it is expected to develop a multi-wavelength-switchable SLM
narrow-linewidth fiber laser having a high performance and a stable operation [30].

In this paper, an eight-wavelength-switchable EDFL (8WS-EDFL) with a high perfor-
mance is proposed and demonstrated. A new filter of cascaded SI-HBFBG (CSI-HBFBG)
as a polarization-dependent eight-channel wavelength selector is introduced in the MRC.
A length of gain erbium-doped fiber (EDF), coiled in a three-loop polarization controller
(TL-PC), can produce bending-induced birefringence, and then enhance the PHB effect. The
switching operation among the different single-wavelength lasing outputs and different
multi-wavelength lasing outputs can be achieved by adjusting the polarization states of the
lasers in the cavity. The combination of an F-P filter with custom-made FSR and FWHM and
a single-coupler ring (SCR) made by an optical coupler (OC), is adopted to select the SLM.
When the pump power is 200 mW, by adjusting two TL-PCs, the 8WS-EDFL can be switched
among 24 lasing states, including 8 single-wavelength operations and 16 dual-wavelength
operations. In this paper, the characteristics of the eight single-wavelength operations are
studied in detail, including the stability of the optical spectrum, SLM, linewidth, relative
intensity noise (RIN), and polarization.

2. Experimental Setup and Principle

The configuration of the proposed 8WS-EDFL is shown in Figure 1. It includes a 980 nm
laser diode (LD, Connect VLSS-980, Shanghai, China), a wavelength division multiplexer
(WDM, 980/1550 nm), a CSI-HBFBG, a 2.9 m-long EDF, a 90:10 OC1, an SCR, and an F-P
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filter. The EDF (Fibercore M12-980-125, MI, USA) is pumped by the LD and coiled into
the three plates of the TL-PC1 to achieve 1/4, 1/2, and 1/4 wave plates, respectively. In
addition, the fiber loops in the TL-PC1 introduce internal stress in the EDF to induce a
birefringence, which depends on the radii of the EDF and the fiber loops together. Note that
the standard diameter of the three plates of the TL-PC is 56 mm. A bigger plate diameter for
the fiber coiling will induce inadequate birefringence in the EDF, and a smaller diameter of
fiber coiling can introduce larger bending loss to the EDF. According to the study presented
in [21], although the incident lights of the different lasing wavelengths have the same linear
polarization state in the EDF, they will have different polarization directions based on the
effective phase difference between the fast and slow axes, which can introduce an enhanced
PHB effect in the EDF. The lasers having different polarization directions can use different
subsets of erbium ions due to the PHB effect. Therefore, the competition among the different
lasers can be significantly mitigated to achieve a stable lasing output [10,11]. Moreover, the
CSI-HBFBG is highly polarization-dependent, as described in the following section, and its
different wavelength channels reflect lights with different linear polarizations, which can
enhance the PHB effect of the lasers at different wavelengths in the EDF. The CSI-HBFBG is
introduced as an eight-channel reflecting filter by a 3-port optical circulator, which can also
enable a unidirectional light oscillation.

Figure 1. Schematic of the proposed 8WS-EDFL. LD: laser diode; WDM: wavelength division multi-
plexer; EDF: erbium-doped fiber; TL-PC: three-loop polarization controller; CSI-HBFBG: cascaded
superimposed high-birefringence fiber Bragg grating; OC: optical coupler; SCR: single coupler ring;
F-P filter: Fabry–Pérot filter.

The CSI-HBFBG was fabricated using the phase-mask method. A uniform FBG was
first inscribed in a polarization-maintaining fiber (PMF). Then, at the same fiber position,
the second FBG was inscribed after a suitable tensile force, f T, was applied to the PMF.
This is equivalent to inscribing two FBGs, in turn using two uniform phase-masks with
different periods. Since the PMF had a high birefringence, this process was equivalent to
the fabrication of two HBFBGs at the identical position of the PMF. The above processes can
fabricate the first SI-HBFBG, and by appropriately adjusting the tensile force, f T, applied to
the PMF to change the period of the second inscribed FBG, the SI-HBFBG can have four
reflection channels, all with different central wavelengths. Similarly, the other SI-HBFBG
was fabricated in the other PMF, by inscribing the third and fourth FBG, in turn with
tensile-forces of 2f T and 3f T applied to the fiber, respectively. The CSI-HBFBG was made by
fusion splicing two SI-HBFBGs together with a 0◦ polarization-axial-offset. The CSI-HBFBG
was used as an eight-channel reflection filter for primary determination of the eight lasing
wavelengths in the 8WS-EDFL. It is measured based on the method presented in [10]. The
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pure reflection optical spectrum of the CSI-HBFBG is given in Figure 2a. The resolution
and data sampling interval of the OSA (OSA, Yokogawa AQ6370D, Tokyo, Japan) used are
0.02 nm and 0.001 nm, respectively. The center wavelengths of the eight reflecting channels
are approximately 1553.681 nm, 1554.330 nm, 1555.056 nm, 1555.745 nm, 1556.683 nm,
1557.333 nm, 1557.981 nm, and 1558.629 nm. The reflecting channels 1, 3, 5 and 7 with
the same polarization state are located on a polarization-axis of PMF. The channels 2, 4,
6 and 8 are located on the other polarization-axis of PMF, which reflect lights with the
polarization state orthogonal to that of the lights reflected by channels 1, 3, 5, and 7. The
corresponding reflections of the eight reflecting channels are highly polarization-dependent.
The highest reflectivity for every channel is shown in Figure 2a. It has been deduced in [21]
that different lasers with the same polarization state have different polarization states and
gains after passing the EDF due to the enhanced PHB effect in the EDF. Therefore, the
different lasing wavelengths have different PDLs in the CSI-HBFBG for different channels
at the same polarization axis of the EDF, and the lasers can be switched among the different
lasing wavelengths. Note that, for obtaining a similar output performance for all lasers,
the fiber distance between two SI-HBFBGs should be as short as possible to decrease the
effective lasing cavity length difference for all eight channels of the CSI-HBFBG.

Figure 2. (a) Pure reflection spectrum of CSI-HBFBG measured by polarized light in a normalized
linear scale. (b) Transmission spectrum of the F-P filter.

The length of the MRC is approximately 14.05 m, corresponding to a longitudinal-
mode spacing of almost 14.55 MHz. A system composed of a wavelength-swept laser
(Yenista T100s-HP, Lannion, France), a 400 MHz photodetector (PD, Thorlabs PDB470C, NJ,
USA), and a data acquisition card (DAQ, Measurement Computing Cor. USB-1602HS, MA,
USA) was used to measure the transmission spectrum of the F-P filter. The FSR and FWHM
of the F-P filter are, respectively, 10.47 GHz and 129 MHz, as shown in Figure 2b. The FSR
of the F-P filter is close to the FWHM (~12.5 GHz) of every channel of the CSI-HBFBG.
The FWHM of the F-P filter, which is larger than the longitudinal-mode spacing of the
MRC, cannot guarantee a stable SLM operation. The SCR filter, which is made by OC2, is
introduced in the MRC to expand the longitudinal-mode spacing of the laser. The coupling
ratio and insertion loss of the SCR are 50% and 0.15 dB, respectively. The SCR length is 2 m,
corresponding to an FSR of 102.18 MHz (expressed in Equation (1)), which is 0.5–1 times
the FWHM of the F-P filter.

FSR = c/neff L, (1)

where c is the speed of light in vacuum and neff = 1.468 is the effective refractive index of
the laser propagation in single-mode fibers (SMF).

The FWHM (∆νSCR) of the SCR is calculated as in [31]:

∆νSCR = cδ/2πneff L, (2)

where δ = ln(Iin/Iout) is the one-way loss of the cavity, and Iin and Iout are the launched and
output laser intensities, respectively.
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The FWHM of the SCR is 11.79 MHz, which is less than the longitudinal-mode spacing
of the MRC and can only allow a longitudinal-mode to pass with low loss. Therefore,
according to above analysis, the proposed 8WS-EDFL can have a stable SLM operation.

3. Experimental Results and Discussion

The proposed 8WS-EDFL system was constructed on an ordinary metal optical table
and measured under room temperature. Considering the filtering characteristics of the
CSI-HBFBG, F-P filter and SCR are independent of the input power, a pump power of
200 mW was used for the demonstration. By adjusting two TL-PCs, eight wavelength-
switchable lasing operations for the 8WS-EDFL were obtained, as shown in Figure 3a.
The central wavelengths of the eight lasers (λ1 to λ8) were 1553.750 nm, 1554.410 nm,
1555.065 nm, 1555.712 nm, 1556.711 nm, 1557.367 nm, 1558.018 nm, and 1558.693 nm,
which are basically consistent with the central wavelengths of the corresponding channels
of the CSI-HBFBG. Figure 3b shows the medium-term running stability lasing at λ2 in
a measurement time span of approximately 100 min, measured by repeatedly scanning
the OSA with a 0.02 nm resolution and 0.001 nm data sampling interval. It can be seen
that the wavelength fluctuation (fλ2) is less than 0.001 nm, the power fluctuation (fp2) is
less than 0.218 dB, the OSNR is higher than 73 dB, and the side-mode suppression ratio
(SMSR) is larger than 56 dB. The output characterizations of all eight lasers are presented
in Table 1. It can be clearly observed that the power fluctuations of some lasers (λ1 and
λ5) are significantly higher than other lasers, and the OSNRs of some lasers (λ6 and λ8)
are significantly lower than other lasers. On the one hand, this is because it cannot be
ensured that the polarization states of all the lasing wavelengths have the best adjustment,
and for a system lacking professional temperature compensation and vibration isolation
packaging the power fluctuation of some lasing wavelength may increase due to the violent
vibration of the surrounding. On the other hand, the reflections of the CSI-HBFBG’s
different channels are different, the overlap integrals between the different channels of
the CSI-HBFBG and corresponding channels of the F-P filter are different, and the PDLs
induced by the adjustment of the polarization states of different lasers at CSI-HBFBG are
different, which all may cause some lasing wavelengths to have a low Q value of oscillation,
and thus their OSNRs are lower than other lasers. In addition, when a wavelength lasing is
adjusted to the output with the lowest loss, the other wavelength lasings cannot achieve
complete polarization extinction. Therefore, as can be seen in Figure 3, the channels without
lasing are still to some extent at an intensity beyond the noise background, which induces
the SMSR of every laser to be lower than its OSNR. However, the SMSR for every laser can
be further increased through increasing the reflectivity of every channel of the CSI-HBFBG
to approach 100% as much as possible, and using another type of EDF with a higher pump
efficiency. It should be noted that, in theory, if more than two SI-HBFBGs with different
reflection channels are cascaded to fabricate the CSI-HBFBG, more lasing wavelengths for
the fiber laser can be obtained. However, too many reflection channels located on the same
polarization axis of the PMF will make switching between the different lasing wavelengths
difficult and will degrade the anti-disturbance ability of the fiber laser. One may need to do
a trade-off between the attainable number of lasing wavelengths and the performance of
every switchable lasing operation.

The SLM characteristics at all eight lasing wavelengths were investigated by a scanning
F-P interferometer with an FSR of 1.5 GHz and a resolution of 7.5 MHz at the same pump
power, as shown in Figure 4, where the red sawtooth wave is the driving voltage signal
of the interferometer. As can be seen, in a driving signal period of the F-P interferometer,
there are only two lasing modes captured for each lasing wavelength, indicating that the
8WS-EDFL can be in SLM operation at every lasing wavelength.

In addition, the characteristics of the SLM operations at eight lasing wavelengths
were further investigated using the self-homodyne method. The RF beating spectra at
eight lasing wavelengths were measured using a 400 MHz PD and a radio frequency (RF)
electrical spectrum analyzer (ESA, Keysight N9010A, Keysight Technologies, Santa Rosa,
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CA, USA), as shown in Figure 5a. We can see that, in a ~10 min measurement time and
using the maximum-hold (MH) mode of the ESA for measurement, there was no obvious
beating signal captured for every lasing wavelength. The capacity of the F-P filter and SCR
was then studied. When the F-P filter and SCR were replaced by a length of SMF to maintain
the original MRC’s length, and then measured every laser output again, numerous beating
signals are seen for each lasing, as shown in Figure 5b. That indicates the lasers all operated
in a multi-longitudinal-mode state. In addition, the mode-hopping characteristics of the
eight lasing wavelengths were measured using a delayed self-heterodyne measurement
system (DSHMS), as shown in Figure 6, where the MZI (made of OC3 and OC4) consists of
a 200 MHz acoustic optical modulator (AOM), a PC, and a 100 km SMF (delay fiber) in two
arms. The light polarization state in the MZI can be adjusted using the PC to obtain the
best contrast of interference fringes. Figure 5c,d, respectively, show the beating results in
the ranges of 0–250 MHz and 175–225 MHz, using a 1 GHz PD and the MH mode of the
ESA with a measurement time of ~30 min. Considering a 100 km fiber was used in the MZI
to provide enough time delay, any mode-hopping of the lasing operation could be captured
theoretically. However, only a beating signal at 200 MHz was captured (Figure 5c,d),
which was introduced by the AOM. Since the longitudinal-mode spacing in the MRC is
approximately 14.6 MHz, it can be concluded that the proposed 8WS-EDFL is in stable
SLM operation without mode-hopping during a long time at each lasing wavelength.

Figure 3. (a) 8WS-EDFL laser output spectra of the single-wavelength-switchable operations mea-
sured by OSA. (b) Spectral stability of the λ2 lasing.

Table 1. Performance parameters of the single-wavelength lasing switchable operations.

Lasing Wavelength λ1 λ2 λ3 λ4 λ5 λ6 λ7 λ8

Center wavelength/nm 1553.750 1554.410 1555.065 1555.712 1556.711 1557.367 1558.018 1558.693
fλi (nm) a ≤0.008 ≤0.001 ≤0.002 ≤0.002 ≤0.005 ≤0.001 ≤0.002 ≤0.001
fpi (dB) b ≤1.229 ≤0.218 ≤0.356 ≤0.243 ≤1.262 ≤0.374 ≤0.194 ≤0.301

OSNR (dB) >73 >73 >73 >72 >71 >63 >69 >63
SMSR (dB) >56 >56 >56 >55 >54 >46 >53 >46

a fλi (i = 1,2, . . . ,8): wavelength fluctuation of the λi lasing; b fpi (i = 1,2, . . . ,8): power fluctuation of the λi lasing.

Limited by the OSA resolution, the DSHMS is used to analyze the linewidth character-
istics of lasers. In theory, the measurement resolution ∆ f of the DSHMS can be expressed
as in [32]:

∆ f =
c

neff∆L
, (3)

where ∆L is the length of the delay fiber.
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Figure 4. SLM operation performances of the eight single-wavelength operations measured by
scanning the F-P interferometer.

Figure 5. RF spectra of each single-wavelength lasing measured by the self-homodyne method using
(a) MH mode in a range of 0–400 MHz for 10 min with a resolution bandwidth (RBW) of 51 kHz; and
(b) MH mode in a range of 0–400 MHz for 10 min with an RBW of 51 kHz when the F-P and SCR
filters are replaced by an SMF having the same efficient length. RF spectra measured by the delayed
self-heterodyne method for almost 30 min using the MH mode are in (c) 0–250 MHz, with an RBW of
51 kHz; and (d) 175–225 MHz, with an RBW of 30 kHz.

Figure 6. Schematic of the DSHMS.

Therefore, the calculated measurement resolution of the system is ~2.1 kHz. The
laser linewidths of the 8WS-EDFL at all lasing wavelengths were measured. Figure 7a,b,
respectively, show the measurement data of the λ2 and λ7 lasings, as well as the Lorentz
lineshape fitted curves of the corresponding data. As can be seen, the adjusted R-Square
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(Adj. R-Square) values are, respectively, 0.958 and 0.967, and the 20-dB bandwidths are,
respectively, 21.447 kHz and 21.558 kHz, which are both higher than the measurement
resolution. The actual linewidth of a laser can be calculated as 1/20 times the 20-dB
bandwidth of the fitted curve. Therefore, the linewidths of lasers λ2 and λ7 are 1072.35 Hz
and 1077.90 Hz, respectively. The linewidths of the other lasers measured are shown in
Table 2. It can be seen that all the laser linewidths of the single-wavelength operations
are almost 1 kHz. It is important to mention that, when the incoherent mixing of lights
from the two arms of the MZI occurred, the interference effect can lead to a spectrum
broadening. However, it is not realistic to use a longer than 1000 km SMF delay line to
achieve completely incoherent mixing due to the high fiber insertion loss. Consequently,
considering the unavoidable broadening effects, the measurement linewidths should be
larger than the intrinsic values of all lasers. The measured linewidths can be considered as
the conservative values for determining the 8WS-EDFL’s practical applications.

Figure 7. Linewidth measurements of the single-wavelength operations using DSHMS at (a) λ2 and
(b) λ7 lasing, with the averaging mode for an RBW of 100 Hz.

Table 2. Linewidth measurement results for all the single-wavelength lasing outputs.

Lasing Wavelength λ1 λ2 λ3 λ4 λ5 λ6 λ7 λ8

Adj. R-Square 0.969 0.969 0.967 0.960 0.968 0.961 0.967 0.963
Laser linewidth (Hz) 1131.25 1072.35 1094.70 1020.50 1025.70 959.55 1077.90 1011.70

To study the instantaneous power fluctuation of the laser output, the RIN spectra of
the wavelength outputs at λ2 and λ7 are measured using a PD, an oscilloscope ((Tektronix,
TDS2024C), used for measuring the direct voltage of the PD’s output), and an ESA, as
shown in Figure 8a,b. It can be seen that when the frequency is larger than 3 MHz,
the RINs of the two lasers are less than or equal to −151.9 dB/Hz and −152.1 dB/Hz,
respectively. In addition, the relaxation oscillation peaks of the two lasers are at 57.5 kHz
and 52.0 kHz, as can be seen from the insets. The measurement results of other lasing
wavelengths are shown in Table 3. The measured RIN values at all lasing wavelengths are
≤−150 dB/Hz@ ≥3 MHz, and the relaxation oscillation peaks are all between 51.8 kHz
and 61.3 kHz. The differences for the different lasing wavelengths result from the different
cavity losses for the different lasers and the small differences in the MRC’s lengths under
lasing at different channels of the CSI-HBFBG.
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Figure 8. RIN spectra of the single-wavelength lasing operations at (a) λ2 and (b) λ7 in the range
of 0–5 MHz, with an RBW of 10 kHz. The insets show the RIN spectra measured in the range of
0–500 kHz, with an RBW of 100 Hz, as well as the positions of the relaxation oscillation peaks of
the lasers.

Table 3. RIN measurement results of the single-wavelength lasing outputs.

Lasing Wavelength λ1 λ2 λ3 λ4 λ5 λ6 λ7 λ8

RIN@ ≥ 3 MHz (dB/Hz) −153.0 −151.9 −151.3 −150.8 −153.2 −153.4 −152.1 −152.7
Relaxation oscillation peak (kHz) 59.4 57.5 51.8 51.9 57.4 61.3 52.0 54.1

The output polarization characteristics of the eight single-wavelength operations were
measured using a polarization analyzer (General Photonics Cor., PSY-201, Luna Innovations,
Chino, CA, USA), as shown in Figure 9a–h. For each lasing wavelength, the PSY-201 was
continuously measured for 5 min. For these measurements, the fiber pigtails from the
laser output port to the input port of the PSY-201 were fixed using soft adhesive tape. It
can be seen that the degree of polarization (DOP) at each lasing wavelength is close to
100% (values slightly larger than 100% are mainly induced by the analysis error). The
polarization states lasing at λ1, λ3, λ5, and λ7 are almost orthogonal to those lasing at λ2,
λ4, λ6, and λ8. In addition, we can see that, for the four lasers in the group of lasing at λ1,
λ3, λ5, and λ7, or in the group of lasing at λ2, λ4, λ6, and λ8, the polarization states are
almost parallel. This is consistent with the polarization states of the CSI-HBFBG’s eight
reflecting channels analyzed in Figure 2.

As described in Section 2, the channels 1, 3, 5, and 7 of the CSI-HBFBG reflect lights
with the polarization state orthogonal to that of lights reflected by channels 2, 4, 6, and
8. Two lasers with the orthogonal polarization states can form the strongest PHB effect
in the EDF and are with weakest gain competition. Therefore, by controlling the two
TL-PCs to make any two lasers with orthogonal polarization states to be with lowest PDL
at the CSI-HBFBG, a stable dual-wavelength operation can be obtained. We investigated
all of the dual-wavelength operations with orthogonal polarization states at two lasing
wavelengths. When the pump power was 200 mW, by adjusting two TL-PCs, 16 groups of
dual-wavelength lasing combinations were achieved, which are lasing at λ1&λ2, λ1&λ4,
λ1&λ6, λ1&λ8, λ2&λ3, λ2&λ5, λ2&λ7, λ3&λ4, λ3&λ6, λ3&λ8, λ4&λ5, λ4&λ7, λ5&λ6, λ5&λ8,
λ6&λ7, and λ7&λ8, respectively, as shown in Figure 10. It can be seen that the OSNR of
every dual-wavelength operation is higher than 65 dB. In addition, the lasing stability of
every dual-wavelength operation measured was satisfying.
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Figure 9. Measurements of the SOPs in single-wavelength lasing operations at (a) λ1, (b) λ2, (c) λ3,
(d) λ4, (e) λ5, (f) λ6, (g) λ7, and (h) λ8.

Figure 10. Spectra of the dual-wavelength switchable operation with orthogonal polarization states.
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4. Conclusions

In this paper, a high-performance SLM narrow-linewidth 8WS-EDFL is proposed and
evaluated. Eight single-wavelength operations and sixteen dual-wavelength operations
with orthogonal polarization states were obtained and can be switched to output. An
CSI-HBFBG was used to determine the lasing wavelengths and the combination of an
F-P filter and an SCR was used to select the SLM lasing. The output characteristics of the
eight single-wavelength operations were studied in detail. When the pump power was
200 mW, the eight single-wavelength lasers were all in stable SLM oscillation, and they
all had a linewidth of ~1 kHz, an OSNR of >63 dB, an RIN ≤ −150 dB/Hz@ ≥ 3 MHz
(close to the shot noise limit), and a high stability. The sixteen dual-wavelength operations
with orthogonal polarization states all had an OSNR of >65 dB and a stable spectrum.
The proposed 8WS-EDFL has a simple structure and a high performance, and it will have
better output characteristics after professional temperature compensation and vibration
isolation packaging.
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