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Abstract—A five-wavelength-switchable thulium-doped fiber
laser with a fiber Bragg grating (FBG)-based five-channel transmit-
ting Fabry-Pérot (F-P) filter and a multi-coupler based triple-ring
cavity (CTRC) filter, is experimentally proposed. For the first time,
a multi-channel F-P filter and specially-designed coupler-based
compound cavity filter were combined to realize multi-wavelength-
switchable operation, with single-longitudinal-mode (SLM) lasing
for each wavelength channel in a 2 µm band fiber laser. The theoret-
ical analysis of the CTRC filter and the principle for achieving SLM
operation by corporately using the F-P filter and CTRC filter were
presented in detail. The experimental results demonstrated the
good performance of the proposed filters. Five lasing wavelengths
(1941.13 nm, 1941.22 nm, 1941.30 nm, 1941.39 nm, and 1941.47
nm) were obtained with good switchability, and each operated in a
stable SLM state. The OSNR of each lasing wavelength was higher
than 50 dB, and the linewidths of all obtained wavelengths were
less than 8 kHz.

Index Terms—Thulium-doped fiber laser, single longitudinal
mode, laser linewidth, fiber Bragg grating.

I. INTRODUCTION

S INGLE-longitudinal-mode (SLM) fiber lasers have drawn
intense research interest because they provide a narrow-

linewidth, low relative intensity noise, and high beam qual-
ity output. These inherent merits make such lasers preferable
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for applications in spectroscopy, Doppler LIDAR, radio-over-
fiber, etc. [1]–[4]. According to the total cavity length, the
SLM fiber laser configurations can be classified into the short-
cavity structure, which includes distributed feedback (DFB)
lasers[5] and distributed Bragg reflection (DBR) fiber lasers[6],
and long-cavity structures with proper mode selection mech-
anisms [7]. DFB and DBR lasers provide compactness struc-
ture and robust SLM operation; however, they suffer from
relatively low laser efficiencies due to the short length of the
gain fiber. When it comes to laser flexibility and tunability,
long-cavity lasers embedded mode selectors are the laser of
choice over any other short-cavity lasers. There is no cav-
ity length limitation, which enables the tunable components
to be installed inside the cavity. Moreover, the cavity can
accommodate a sufficiently long active fiber to obtain the
desired gain.

To achieve SLM oscillation in long-cavity lasers, it is crit-
ical to find effective mode selection mechanisms against the
resulting small FSR due to the increased fiber length. Many
mode-selection techniques have been proposed, which can be
sorted into three main types. One is the combined use of
ultra-narrow bandwidth filters and wavelength selection mecha-
nisms [8]–[10]. The second involves incorporating an unpumped
doped fiber as the saturable absorber in the cavity to prevent
multi-mode operation and stabilize the laser [11], [12]. The third
is to combine the wavelength selector in the compound-cavity
or multi-ring compound cavity (MR-CC). In this method, the
fiber rings based on optical couplers (OCs) serve as passive
subring cavities to expand the effective FSR of the compound
cavity according to the Vernier effect [13], [14]. Then, SLM
operation can be obtained when the effective FSR is wider than
half the 3 dB-bandwidth of the wavelength selector [15]. The pri-
mary passive subring cavities in an MR-CC are generally com-
posed of one or multi-cascaded/parallel single-coupler-based
fiber rings (single-coupler ring, SCR) [16]–[18], dual-coupler
ring (DCR) [13], [16], three nested couplers ring[19], or a
combination of DCR and SCR [20]. Apart from quantitatively
determining the parameters of compound rings based on the
Vernier effect, the filtering performance for the desired mode
can also be determined by obtaining the optimized parameters
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by theoretically and numerically analyzing the influence of the
coupler ratio, fiber length, and coupler connection methods.
Our group has proposed lasers that showed great SLM las-
ing performance with specially-designed compound ring-based
filters [21], [22].

Using the aforementioned strategies, state-of-the-art SLM
laser sources have been intensively reported, and the develop-
ment of SLM lasers operating at around 2μm has begun to gather
pace. Thulium-doped fiber lasers offer a broad emission range
(1660–2200 nm), which falls in the eye-safe spectral region
and also covers the atmospheric transparency window where
the permissible power transmission for light in free space can
be several orders of magnitude higher than other wavelength
bands. With these advanced features, a 2 μm SLM fiber laser
can be adapted for use in free-space optical communications
and laser weapon manufacturing [23]. Due to overlapping with
the absorption lines of various atmospheric gas, such as N2O,
H2O, and CO2, SLM fiber lasers that operate at around 2 µm
can also be widely applied for high-resolution gas sensing;
however, there is a shortage of optimized components for use
in 2 µm band compared with those in 1.5 μm and 1 μm
band. The lack of adequate means of linewidth measurement
is also responsible for slowing the speed of developing 2 µm
SLM lasers. For the sake of the high transmission loss of 2
µm light in standard single-mode fiber, the traditional delayed
self-heterodyne linewidth measurement method with a long
delay line is no longer the most suitable strategy for measuring
linewidths in 2 µm band. Currently, the proposed SLM lasers at
2 µm are mainly based on the short-cavity structure [24], and
there are few reports on long-cavity-structure based tunable or
switchable SLM lasers at 2 µm [25], [26]; however, previously
reported compound-cavity filters were not completely analyzed
or quantitatively designed in detail. Furthermore, coupler-based
compound-cavity filters are more affordable and easy-alternative
than other filters for realizing SLM lasing in 2 µm band. For these
reasons, it is meaningful to realize multi-wavelength-switchable
SLM lasers and utilize compound-cavity filters in laser cavities
in 2 µm band.

In this work, we present a five-wavelength-switchable SLM
fiber laser operating in 2 µm band. In the proposed laser config-
uration, a homemade FBG based F-P acts as the narrow band-
width five-channel filter. Each wavelength in the channel can be
filtered out by a tunable FBG. In addition, a specially-designed
cascaded triple-ring cavity (CTRC) was embedded to realize
mode selection and ensure the SLM operation of each selected
wavelength. First, we describe the proposed laser’s experimen-
tal configuration, give the detailed numerical analysis of the
proposed CTRC filter and the principle for realizing the SLM
operation of the proposed laser. Next, we provide the measured
laser characteristics of each obtained laser wavelength, includ-
ing the optical spectra, wavelength, and power fluctuations,
as well as the frequency spectra for confirming SLM opera-
tion. Finally, we present the laser linewidth at each obtained
wavelength that was measured by the in-house constructed
linewidth measurement system based on the laser phase noise
demodulation method.

Fig. 1. Schematic diagram of the wavelength-switchable SLM laser with a
triple-ring cavity ultra-narrow bandwidth filter.

Fig. 2. Transmission spectrum of the FBG based F-P filter and the reflection
spectrum of the tunable FBG.

II. EXPERIMENTAL DETAILS

A. Laser Configuration

The experimental setup of the laser is depicted in Fig. 1.
A 2.5-m-long Tm-doped double-clad fiber (TDF, Nufern SM-
TDF-10P/130-M) was pumped by a laser diode centered at 793
nm with up to 12 W power launched through a fiber combiner
(FC). An isolator combined with a circulator ensured the unidi-
rectional oscillation of the laser. Considering that the reflection
of the 2 μm band circulator is larger than that in 1550 nm band
and the pump power used is relatively high, the isolator is used
to avoid the reflected pump power to influence the stability
of the pump laser. A narrow bandwidth FBG, clamped by a
micro-displacement platform, was connected to port 2, reflecting
the specified light to port 3 of the circulator and launching it
into the FBG based F-P filter. Here, both the tunable FBG and
the F-P filter were fabricated in-house using the phase mask
method with the phase mask period of 1347.3 nm, and directly
written by a 248 nm KrF excimer laser. The grating length of
the tunable FBG was 25 mm. The F-P filter was composed of
two 7-mm-long FBGs with 1.6 cm separation. Fig. 2 shows
the reflection spectrum of the FBG and the transmission spec-
trum of the FBG-based F-P filter, which was measured by an
OSA (YOKOGAWA AQ6375) with a resolution of 0.05 nm.
Five transmission peaks located at ∼1941.12 nm, ∼1941.20nm,
∼1941.29 nm, ∼1941.38 nm and ∼1941.46 nm, with a ∼0.087



CHENG et al.: FIVE-WAVELENGTH-SWITCHABLE SINGLE-LONGITUDINAL-MODE 1503608

Fig. 3. Schematic diagram of the proposed CTRC filter, where Ein 1, 2-19,
Eout-20 denote the coupler (OC1-OC5) port numbers, L1–L5 and L11–L22

indicate the fiber length between two couplers and the sign “X” indicates the
splicing point position.

nm separation between two adjacent channels, were dropped
in the transmission bandwidth of the F-P filters. Although the
transmission depth and bandwidth of each peak were not iden-
tical in the spectrum, this does not represent their actual values,
as they were limited by the minimum OSA resolution (0.05
nm). By estimation from the laser homodyne RF spectrum,
the bandwidth of the transmitting peak was about 0.0126 nm
(∼1 GHz). The 3-dB bandwidth of the measured FBG was 0.2
nm. Hence, by gently tuning the micro-displacement platform,
the wavelength oscillating in the cavity could be codetermined
by the FBG and F-P filter. A subsequent drop-in polarization
controller (DI-PC) was incorporated to adjust the laser gain and
loss inside the cavity. Then, a CTRC was connected to realize
the mode selection and enable the SLM operation of the laser.
A 90:10 OC coupled out the resulting SLM lasing from the
10% outcoupling port. The total cavity length of the active main
ring cavity was about 10.5 m, corresponding to a ∼20 MHz
longitudinal mode spacing.

B. Theory of CTRC Filter and SLM Operation

To realize the SLM operation, the cooperation between the
CTRC filter and the narrow-bandwidth F-P filter is essential.
First of all, the FSR of the main passband of the CTRC filter
should be no less than half of the full-width at half maximum
(FWHM) of each transmitting channel of the F-P filter, which
allows that only one effective passband of the CTRC constantly
is stuck in the FWHM bandwidth of each F-P transmitting peak.
Secondly, the FWHM of CTRC filter’s each main passband
should be 0.5–1 times the spacing between adjacent longitudinal
modes of the active main ring cavity [13], [22], which guaran-
tees only one longitudinal mode can pass through the effective
passband of the CTRC filter. Both of these two requirements
need to be satisfied to ensure SLM oscillation.

Fig. 3 shows a schematic diagram of the proposed CTRC filter,
which is composed of a tri-coupler dual-ring (TCDR) cavity
filter (OC1–OC3) and a dual-coupler ring (DCR) cavity filter
(OC4–OC5). L1–L5 and L11–L22 in the diagram represent the
fiber length between each connected coupler. 1–20 represent the
port of each coupler, while, Ein 1, E2–E19, and Eout 20 denote
the corresponding electric field amplitude of each coupler port.

We first analyzed the TCDR filter, whose structure has been
proposed and detailed studied in Ref. [21]. The filter trans-
mittance was obtained by substituting the relationship of the

nodes among each other and the path and the loop gains of the
represented TCRC signal flows into the transmission function
which is based on Mason’s rule [27]. Here, we briefly give the
derived final transmittance T, which is expressed as:

TTCDR = [κ1κ2κ3(1− γ)3(1− δ)2e−2α(L1+L4)]/ . . .

[1+ x2+ y2+ z2− 2(x+ yz) cos(β(L1 + L2)) . . .

− 2(y + xz) cos(β(L3 + L4)) . . .

+ 2xy cos(β(L1+ L2− L3− L4)) + 2z cos(βL)]
(1)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x = (1− γ)
√
1− κ1

√
1− κ2(1− δ)e−α(L1+L2)

y = (1− γ)
√
1− κ3

√
1− κ4(1− δ)e−α(L3+L4)

z = (1− γ)2
√
1− κ2

√
1− κ4(1− δ)2e−αL

L = L1 + L2 + L3 + L4

(2)

where γ, δ, and α represent the insertion loss, fusion splic-
ing loss, and fiber loss coefficient, respectively; κi, i = 1, 2, 3
denotes the coupling ratio of each coupler; β = 2πneff/λ is
the fiber propagation coefficient; neffand λ are the effective
refractive index of the SMF and wavelength, respectively.

The output of the TCDR filter presents a series passband with
fixed mode spacing. The bandwidth of each passband and the
spacing between them can be optimized by adjusting the fiber
length of this proposed compound cavity and the coupling ratio
of each coupler. A longer cavity length leads to a narrower
bandwidth of each passband and a smaller mode spacing. A
lower cross-coupling ratio results in a lower transmittance and
narrower passband bandwidth. Since the light in the TCDR
can undergo both constructive and destructive interference, by
combining and optimizing the coupling ratio and cavity length, a
series of the main resonating peaks with a suitable bandwidth and
desired main resonating mode spacing can be obtained. A high
suppression ratio (SR) (SR = Afirst−side−peak/Amain−peak),
the ratio between the amplitude of the first adjacent side peak
and the main resonating peak, is required for a good filtering
effect [22].

Given the previously measured parameters, the separation
between adjacent transmission channels of the F-P filter is about
0.087 nm (∼6.928 GHz), and the bandwidth of each channel is
about 0.0126 nm (∼1 GHz). According to the Vernier effect
[22], when the cavity length difference between the two rings of
TCDR is much less than their cavity lengths, the mode spacing
TCDR can be given as FSR = c/(neff ·ΔL), where c is the
speed of light, and ΔLis cavity length difference. Considering
the first requirement for SLM and the cavity length accuracy
of TCDR in practical fabrication, we set ΔL to 3 mm, which
corresponds to a 6.94 GHz FSR of TCDR (c = 3x108 m/s, neff
= 1.44).

Generally, a smaller coupling ratio of couplers in compound
filters is preferred to provide a narrower passband bandwidth,
while a lower transmittance. The low transmittance of the fil-
ter used in Er-doped fiber lasers may not have a significant
impact on their output performance, but is detrimental for a
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Fig. 4. (a) The simulated spectrum of the proposed TCDR filter and the
transmission spectrum of the F-P filter. (b) The zoomed-in spectrum over one
mode-spacing of the simulated TCDR.

thulium-doped fiber laser as the light in 2 µm band suffers
much higher transmission loss. The large cavity loss brought
by this low transmittance will lead to laser instability and even
no lasing. For this reason, we have to improve the transmittance
of the filter used in the proposed laser, meanwhile, a high SR
need to be taken into the consideration as well for a better
filtering performance. After making the trade-off between the
transmittance, the bandwidth of the main resonating peak, and
the SR, the coupling ratios of OC1-OC3 in TCDR are optimized
to 0.5, 0.1, and 0.5, respectively. For OC2, the large coupling
arm is connected to the second ring. The length of each cavity in
the TCDR is chosen as 24 cm and 27 cm. The simulated spectra
of the TCDR are plotted in Fig. 4.

In Fig. 4(a), the resulting main resonating peaks from the
TCDR are well located at each transmission peak maximum.
Each main resonating peak has a transmittance of about 0.8 with
an SR of ∼0.5, ensuring a good filtering ability; however, using
the determined parameters, the bandwidth of the main resonating
peak is around 119 MHz, which is much broader than the 20
MHz FSR of the main laser cavity. This allows several modes
within the main transmission passband. Hence, a DCR filter is
combined with the TCDR to narrow the main peak’s bandwidth
further.

In the schematic of CTRC in Fig. 3, the input port 13 of
the DCR filter is directly connected to the TCDR output port
12, where L5 is the fiber length between two filters. The field
transmission relationship of the output port Eout 20 and input
port E13 of DCRC is given as [22]:

E20/E13 = [−(1− γ)
√
κ4

√
κ5

√
1− δe(−α+iβ)L11 ]/ . . .

[1− (1− γ)
√
1− κ4

√
1− κ5(1− δ)e(−α+iβ)(L11+L22)]

(3)
where κi, i = 4, 5 is the coupling ratio of two couplers; L11

and L22 are the fiber lengths between couplers. The subsequent
transmittance T of DCR is:

TDCR = (E20/E13)(E20/E13)
∗ (4)

Therefore, based on the given transmittances of two filters,
their total transmittance can be obtained as:

TCTRC

= TTCDRTDCR(
√
1− δe(−α+iβ)L5)(

√
1− δe(−α+iβ)L5)∗

(5)

Fig. 5. (a) The simulated transmission spectrum of the DCRC filter and the
transmission spectrum of the TCDR filter within a one-mode spacing range;
the inset is the zoomed-in spectrum within the range of the main resonating
passband. (b) The simulated transmission spectrum of the CTRC filter over one
mode-spacing range; the inset is the zoomed-in main resonating peak of the
CTRC. (c) The simulated transmission spectrum of the CTRC filter and the
transmission spectrum of the F-P filter.

To narrow the bandwidth of the main transmission peaks,
while also keeping the transmittance and SR as high as possible,
we chose higher coupling ratios and longer cavity lengths of the
DCRC. After optimization, the coupling ratio of OC4 and OC5

are chosen to be 0.5 to obtain a high transmittance, and the cavity
length is 2.6 m (L11 = 2 m, L22 = 0.6 m).

Fig. 5(a) plots the simulated spectrum of the sole DCRC filter
(not connected with the TCDR) in the one-mode spacing range
of the TCDR filter. As can be seen, only one resonant peak of
the DCRC fall within the main resonant peak of the TCDR,
which means that the proposed DCR can further select a mode
from the main resonant peak of the TCDR. Fig. 5(b) is the
simulated spectrum of the CTRC (the DCRC is connected to
the TCDR). The FWHM bandwidth of the main resonant peak
decreased from 119 MHz to 19.91 MHz after combining the
DCR to the TCDR, and the SR remained at 0.5, indicating good
filtering performance. The FSR of CTRC maintains a constant
of 6.94 GHz, as determined by the 3 mm ΔLof TCDR. It still
matched well with the transmission channels of the F-P filter
observing in Fig. 5(c). Furthermore, the 19.91 MHz bandwidth
of the main resonant peak is comparable to the 20 MHz FSR of
the main laser cavity, which guarantees that only one mode can
pass through the main transmission peak of the combined filters.
Although it is typically required that the 3-dB passband be 0.5–1
times the FSR, a narrower passband made the laser sensitive to
environmental disturbances and even mode-hopping; thus, we
did not further narrow the bandwidth of the main transmission
peak.

III. EXPERIMENTAL RESULTS

A. Laser Output Characteristics

Based on the simulation analysis above, the CTRC was fabri-
cated strictly using the determined parameters and then spliced
into the laser cavity. The experimental results given below prove
the good mode selection ability of the proposed CTRC filter.
The laser system was deployed together with the pump source
on a common optical table and without any professional tem-
perature control and compensation techniques, the experiment
was carried out all under a laboratory room temperature with
air conditioning constantly running. When the pump power
increased to 4 W, stable single-wavelength lasing at 1941.13
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Fig. 6. (a) Spectra of the obtained lasing operating corresponding to each channel of the F-P filter, at wavelengths of (b) 1941.13 nm, (c) 1941.22 nm, (d) 1941.30
nm, (e) 1941.39 nm, and (f) 1941.47 nm. OSNR: optical signal-to-noise ratio.

Fig. 7. The self-homodyne RF spectra measured by ESA for each lasing wavelength at (a) 1941.13 nm, (b) 1941.22 nm, (c) 1941.30 nm, (d) 1941.39 nm, (e)
1941.47 nm of proposed five-wavelength switchable SLM laser. The (a)–(e), (I) are the RF spectra measured in a range of 0–100MHz, (II) are the RF spectra
measured in a range of 0-1GHz. The insets are the RF beating spectra measured every 10 mins. (f) is the RF beating spectra of the laser without CTRC filter.

nm, 1941.22 nm, 1941.30 nm, 1941.39 nm, and 1941.47 nm with
∼0.13% slope efficiency was obtained by tuning the FBG to each
transmission channel of the F-P filter. As shown in Fig. 6(a) , the
five lasing wavelengths coincided with the central wavelength
of each F-P transmission channel. Fig. 6(b)-(f) are the spectra
of each lasing wavelength measured by OSA with a 0.05 nm

resolution. Each inset is 10-times repeated OSA scans at 10
min intervals. The 3dB-bandwidth of each lasing wavelength
was 0.03 nm, which is below the OSA resolution. The optical
signal-to-noise ratios (OSNRs) are all higher than 50 dB. Table.
I shows the medium-term operating stability over 90 min at each
lasing wavelength, which shows that the laser operates with good
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TABLE I
WAVELENGTH AND POWER FLUCTUATIONS OVER 90 MIN

Fig. 8. Configuration of the linewidth measurement system, FRM: Faraday
rotation mirror, PD: photodetector, CH: channel.

wavelength stability, and the maximum wavelength fluctuation is
0.01 nm. Since no vibration isolation techniques were employed,
and the laser system was placed together with the pump source
on the same table, the intense vibration generated from the pump
source led to the relatively high power fluctuations (minimum
0.546 dB, maximum 3 dB). Moreover, the relative intensity noise
of the pump source also might cause the fluctuations of laser
power.

The longitudinal-mode characteristics of the laser at each las-
ing wavelength were investigated by the self-homodyne method.
The measurement setup included a 1 GHz photodetector (Thor-
labs PDB470C) and an 8 GHz radio-frequency (RF) electrical
spectrum analyzer (ESA, Keysight N9010A). The measured RF
spectra of each lasing wavelength are shown in Fig. 7(a–e),
where the scanning ranges were set to 0–100 MHz and 0–1 GHz.
The insets are the RF beating spectra measured every 10 mins.
We can see that there was no beating signal captured for every
lasing wavelength, and the laser operated in a stable SLM state.
To verify the capability of the CTRC filter, the RF beating spectra
of the laser without the CTRC filter spliced inside the cavity were
measured for every single-wavelength operation and shown in
Fig. 7(f). The numerous spikes in the spectra indicate lasing
in multi-longitudinal modes. The spacing of adjacent peaks is
about 20.3 MHz, corresponding to a laser cavity length of 10.4
m for the MRC. Furthermore, from Fig. 8(f)(II), the amplitudes
of the beat notes above 500 MHz were relatively low, which
indicates that the bandwidth of the transmission channel of the
F-P filter is about 1 GHz.

B. Laser Linewidth Measurement

The linewidth of each lasing wavelength was measured based
on the phase noise demodulation method. The configuration of
the measurement system is depicted in Fig. 8. A 3x3 coupler and
two Faraday rotation mirrors (FRMs) composed an imbalanced

TABLE II
FWHM LINEWIDTH FOR EACH WAVELENGTH

AT DIFFERENT MEASUREMENT TIMES

λ1 = 1941.13 nm; λ2 = 1941.22 nm; λ3 = 1941.30 nm; λ4 = 1941.39 nm; λ5 =

1941.47 nm.

Michelson interferometer (MI). The selected lasing launched
into port 1 was spliced through the 3x3 coupler into arm 4, arm
5, and an unused arm 6. A 50-m-long SMF was inserted into arm
5 as the delay line, which introduced a time delay τ between the
two arms. After being reflecting by the two FRMs, the light in
the arms returned to the coupler, underwent interference, and
was then fed into PD1 and PD2 through arm 2 and arm 3. The
received interference fringes, containing information about the
differential phase fluctuation accumulated in the delay time τ of
the MI, were uploaded by the OSC to a computer to calculate the
power spectral density (PSD) of the laser’s instantaneous phase
fluctuation Sϕ(f) and frequency fluctuationSv(f) [28].

The laser linewidth could then be calculated using the β-
separation line method (β = Sv(f) = (8 ln 2/π2) · f ). By cal-
culating the geometrical area A under the frequency noise
PSD obtained for all Fourier frequencies exceeding the β-
separation line, the FWHM laser linewidth at different in-
tegration bandwidths was approximated using the relation:
FWHM =

√
8 ln 2A [29].

Fig. 9(a)–(e) are the measured frequency noise PSD and the
calculated FWHM laser linewidth for each lasing wavelength.
Due to the limited dynamic range of the data acquisition system,
the experimentally measured total frequency noise PSD was
spliced by four segments of the frequency noise PSD measured
under different time scales (1 s, 0.1 s, 0.01 s, 0.001 s). In addition,
since the data acquisition card we used here is an 8-bit digital
OSC, the quantization noise is relatively large, which introduced
a horizontal noise base on the right side of each frequency noise
PSD spectrum after phase demodulation. To avoid ambiguities
due to this system noise, we removed the noise base tails of
the frequency noise PSD spectra measured at t = 0.001 s, t
= 0.01 s, and t = 0.1 s but kept the noise base at t = 1 s.
It can be seen from each spectrum that the overlap between the
four frequency noise PSD segments was consistent. The FWHM
linewidth of each wavelength increased upon increasing the
measurement time (decreased integration bandwidth). Table II
lists the linewidths for the five lasing wavelengths at different
measurement times. At the minimum measurement time (0.001
s), the laser linewidths did not exceed 8 kHz. At the longest
measurement time (1 s), the laser linewidths did not exceed 810
kHz. Here, the linewidths at the maximum measurement time
were abnormally large, corresponding to the sharp increase at t
= 0.1 s (100 Hz frequency) in Fig. 10. This was mainly caused
by technical noise generated from environmental vibrations and
disturbances in the low-frequency range. Moreover, the ∼7 kHz
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Fig. 9. The frequency noise PSD and the FWHM linewidths at the integration times from 0.001s to 1s for five wavelengths 1941.13nm–1941.47nm.

linewidths at the minimum measurement time were mainly due
to thermal noise, as the thermal effect induced by the cladding
pumping was more significant than core pumping. The 4-W
pump power was high enough to heat the fiber and increase
the thermal noise in our case. The relatively low slope efficiency
of our laser also led to a more extensive non-Langevin heat
source in the gain fiber, which also increased the low-frequency
thermal noise of the laser, Nevertheless, the linewidths of the
five wavelengths of our laser were remarkably narrower than in
other works [11], [30], [31].

IV. CONCLUSION

Here, we experimentally proposed a five-wavelength switch-
able SLM thulium-doped fiber laser using an F-P filter as the
five-wavelength channel transmitting filter and a CTRC filter
as the SLM selector. Wavelength-switching was realized by
tuning the FBG to the corresponding F-P transmitting channel.
The proposed CTRC was theoretically analyzed in detail. We
believe this is the first time that this kind of specially-designed
compound-cavity-based filter has been used in a 2 μm fiber laser
for SLM selection. The injunction use of a CTRC filter and F-P
filter allowed the laser to achieve the SLM operation regardless
of the lasing wavelength of each transmitting channel. The
relatively good laser output performances were also presented
in detail. For all five lasing wavelengths, the OSNRs exceeded
50 dB with wavelength fluctuations less than 0.01 nm. Each
lasing operated in a stable SLM state, and the linewidths were
less than 8 kHz, which are comparable to the SLM laser in this

wavelength range. Since an enough narrow bandwidth FBG in
2 μm band is very difficult to fabricate, we had to corporately
use the tunable FBG and the F-P filter in our laser configuration
as a manner to narrow down the bandwidth of the wavelength
channel, otherwise, the tuning range could be further enhanced
by utilizing a single narrower bandwidth FBG, as long as the 3
dB bandwidth of the FBG is comparable with (normally less than
the two times of) the effective FSR of the cascaded triple-ring
cavity filter. There are also some drawbacks of our laser, i.e., a
relatively high power fluctuation and a low slope efficiency. The
low laser efficiency was mainly contributed by the high insertion
loss of the CTRC filter, and other limiting factors, for instance,
the relatively low coupling ratio of the laser output coupler,
as well as the field mismatching loss during fusion splicing
between the hexagonal cross-section TDF and the common SMF
pigtail of the FC and the isolator. Although we have managed
to keep the transmittance of the effective passband as high as
possible, the power of light after transmitting through all the
filters, would still be significantly attenuated. Furthermore, the
fiber length of each subring of the TCDR filter is relatively
short, which is beneficial to achieve the desired effective FSR.
But that leads to a small diameter (∼8 cm) of subrings and
subsequently a high additional bend loss. That further decreases
the power of lasing output. Nevertheless, we believe that the
power fluctuation can be resolved by employing vibration isola-
tion packaging. The lower slope efficiency can be improved by
further optimizing the fiber length of each subring in the TCRC
filter and the coupling ratio and position of the laser output
coupler.
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