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Abstract: A multi-wavelength erbium-doped fiber laser (EDFL) based on a taper-coupled microbottle resonator is proposed
and investigated experimentally. The taper-coupled microbottle resonator has the comb filter characteristics with Q factor 2.9x10%,
which is integrated into an EDFL system. The taper-coupled microbottle resonator was packaged by ultraviolet glue, which has
excellent stability of output power and wavelength at room temperature. Then, switchable dual-, triple-, quad- and quint-
wavelength fiber laser states can be achieved by adjusting the polarization controller (PC). Furthermore, for dual-wavelength and
triple-wavelength laser state, the position of output wavelengths also can be precisely modulated with the PC. The developed multi-
wavelength EDFL has the optical signal to noise ratio as high as 40 dBm, and the wavelength shift and peak power fluctuation are
less than 0.03 nm and 6 dBm.

Keywords: Fiber optic laser; Microbottle resonator; Comb filter.

1. Introduction

For the past few years, switchable multi-wavelength erbium-doped fiber laser (MWEDFL) has attracted the interest of many
researchers in various potential applications, including optical fiber sensing [1,2], optical instrument testing [3], dense
wavelength division multiplexing (DWDM) in communication[4], and microwave photonics [5,6]. In particular, the application
of MWEDFL in DWDM is of great research value. Typically, the multi-wavelength output of MWEDFL is obtained using a
multichannel filter or the nonlinear effect. The use of the latter requires high intra-cavity power and has been rarely reported [7].
As a kind of multichannel filter and passive optical device, optical fiber filter is very suitable for MWEDFL construction. Fiber
filters, such as fiber Bragg grating (FBG) [8], Mach-Zenger interferometer (MZIs) and Sagnac ring filter [9-11], have been
reported as wavelength selective components to achieve tunable and switchable laser emission. For example, Chang et al.
reported a MWEDFL based on cascaded hybrid fiber filter with peak power fluctuation less than 1.93 dB and 2-4 wavelength

laser output [12]. In 2019, Chang et al. demonstrate the single-mode-multimode-single-mode (SMS) fiber filters that can be
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used to achieve switchable and tunable thulium-doped fiber laser [13]. Recently Zhang et al. proposed a fiber filter based dual-
wavelength tunable and wavelength switchable MWEDFL with output power fluctuation of multi-wavelength laser state less
than 0.75 dB within 30 min [14]. Qi et al. proposed a new type of few mode fiber based fiber filter, which is integrated into
erbium-doped fiber laser (EDFL) to realize MWEDFL capable of switching between 1-4 wavelength laser states [15].

However, the unstable mode competition caused by the homogeneous broadening of gain fiber brings great difficulties in
obtaining MWEDFL with time stability [16]. In order to prevent unstable mode competition caused by gain fiber, researchers
have explored many methods, such as cooling the EDF with liquid nitrogen [17], inserting a frequency shifting device [18,19],
using fiber filters [20,21], adding wavelength- or intensity-dependent loss structures [22,23], and using the high nonlinear effect
of fibers [24-27]. Among these techniques, additional devices need to be added within MWEDFL, significantly increasing the
cost and size of the system.

The taper-coupled microbottle resonators proposed in this paper has the characteristics of inhomogeneous loss and high
nonlinearity, which can not only be used as wavelength selective components, but also alleviate the mode competition caused
by homogeneous gain broadening without increasing the stabilization mechanism. Therefore, the structure of the laser cavity
can be simplified without the need for additional stabilization mechanisms. Meanwhile, the transmission spectrum of the taper-
coupled microbottle resonators has high quality factor which is ideal for wavelength selective components. The taper-coupled

microbottle resonator is integrated into an EDFL to realize switchable MWEDFL with time stability.

2. Microbottle resonators fabrication and characterization

The taper-coupled microbottle resonator is obtained by coupling a microbottle resonator and a tapered optical fiber. Firstly,
a commercial welding machine (Fujikura 80C) is used to make microbottle resonator. Fig. 1 shows the detailed process.
Commercial fusion splicer is used to arc discharge SMF. After repeated electrical arc discharge, a microsphere is formed at
the end of the Single mode fiber (SMF). Another SMF is then aligned and fusion spliced to the microsphere to form a
microbottle resonator as shown in Fig. 1(d). Meanwhile, the shape of the microbottle directly affects resonant mode
characteristics and field distribution, which can be controlled by the number of arc discharge. Fig. 1(d) shows a picture of
the fabaricated microbottle with a diameter of 222.67 um. Secondly a separate SMF is tapered to very small diameter with
tapering waist of 4 um. Finally, the taper-coupled microbottle resonators needs to be formed by coupling the prepared
microbottle resonators with tapered optical fiber in near field. In the coupling process, a device is needed to help optimize
the coupling position and distance. The device, shown Fig. 2(a), consists of four parts: a broadband light source (BBS, SC-
5-FC), an optical spectrum analyzer (OSA, YOKOGAWA AQ6370D), a microscope (GP-660V), and two translation stages.
Depending on this system, the transmission spectrum can be adjusted and monitored in real time. When the coupling is
optimized, the light passing through the tapered fiber will be coupled into the microvial cavity and spread in a spiral shape.
After many circles of propagation around the cavity axis, it will rotate back to the previous incident dot [28]. Light oscillating
back and forth between the two turning dots will form an axial mode. The structure of taper-coupled microbottle resonators is

shown in Fig. 2(b).
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Figure 1. Preparation method of microbottle resonators: (a) the single fiber is
heated via electrical arc discharge; (b) microsphere resonators formation; (c) another fiber was placed to align the microsphere; (d) Microbottle resonators.
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Figure 2. (a) coupling device; (b) Schematic diagram of taper-coupled microbottle resonators.

@) (b)
-2.0 1 taper-conpled microbottle .
Lorentzian fit
E - 2.5 FWHM=0,053 nm
@ 251 £ Q=2.9410"
=)
3 m ﬂ )
= - -
S 3.0 s 3
2 2
= E sl
= -3.54 = 3.5
= =
= «
ot -
= -4.01 = 4.0
<! 0.483 nm
4.5 4— x . . . . : T r , r
1559 1560 1561 1562 1563 1564 1561.1 1561.2 1561.3 1561.4 1561.5 1561.6
Wavelength(nm) Wavelength(nm)

Figure 3. (a) The transmission spectrum of the taper-coupled microbottle resonators; (b) FWHM of the taper-coupled microbottle resonators



Fig. 3(a) shows measured spectral response of the taper-coupled microbottle resonator. The spectrum has comb filtering
characteristics and the free spectrum range (FSR) is 0.483 nm. Lorentz function is used to fit the transmission spectrum of
the cone-coupled microbottle resonator, which can be obtained in Fig. 3(b), from which it can be concluded that the specific
value of the FWHM is 0.053 nm. According to the references [29], the Q-factor of taper-coupled microbottle resonators can be
calculated as follows:

Q=A/FWHM Q)

Where A is the resonant wavelength of taper-coupled microbottle resonators. The Q-factor is calculated as 2.9x10* using
the above formula.

The taper-coupled microbottle resonator is fragile and unstable due to the interference of the coupling conditions caused by
the surrounding vibration [30]. To make the taper-coupled microbottle resonator more robust and stable, it is packaged with
ultraviolet (UV) glue. The packaging process can be described in three steps, as shown in Fig. 4(c):

(1) The first step is to fix glass2, glass3, glass4 and glass5 respectively on the glass substrate, so as to avoid the contact

between the taper-coupled microbottle resonator and the glass substrate.

(2) The second step is to fix the stretched taper optical fiber on glass3 and glass5 with UV glue.

(3) In the third step, when the distance between the microbottle resonator and the taper fiber reaches the condition of near-

field coupling, the tail fiber of the microbottle resonator is fixed on glass2 and glass4 with UV glue.
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Figure 4. (a) Schematic of the proposed the MWEDFL; (b) The microscope image of taper-coupled microbottle resonator; (c) The packaging taper-coupled
microbottle resonator.

The packaged taper-coupled microbottle is then integrated into an EDFL to create a MWEDFL as shown in Fig. 4(a). In
the MWEDFL, a 980 nm pump source (VLSS-980-B-650-FA, VENUS) as the light source is connect into the ring cavity by
a 980/1550 nm wavelength division multiplexer (WDM, WDM-1X2-980/1550-2). The WDM output port is connected to a
polarization controller (PC), then to a polarization independent isolator (PI-ISO) to ensure one-way propagation of light.
Then the light enters the taper-coupled microbottle resonator structure. Here we again need to add a PC. A 5-meter erbium-

doped fiber (EDF, 8/125, Nufern) is connected to the back of the taper-coupled microbottle, then to a 90:10 optical coupler



(OC, WIC-1X2-1550-10/90-0-A40). Finally, the light enters the 1550 nm port of the WDM through the 90% port of the OC,

forming a loop to keep most of the light propagating in the ring. The 10% port of the OC is connected to an OSA (OSA,
Anritsu, MS9710C) for data analysis.

3. Experimental results and analysis

In the experiment, the taper-coupled microbottle resonators with the PC is used as a wavelength selector, which can adjust
the gain and loss of wavelength in the cavity, and determine the final output position and peak power of the laser. The
specific principle is that PC can be used to adjust the polarization state of the light in the cavity, thereby adjusting the
polarization state of the light in the taper-coupled microbottle resonators. After the light with different polarization states
passes through the taper-coupled microbottle resonators, the output polarization state changes. Therefore, different
polarization states of light obtain different filtering functions. The filter function determines the gain and loss of the
wavelength. When the gain of the wavelength is dominant, the laser can be emitted and formed, so as to realize the laser
wavelength output at different peak values of the filter. When the power of pump source in the MWEDFL is maintained at
400 mW, the MWEDFL can obtain stable dual-wavelength in the laser-output spectrum by adjusting the PC. In addition, by

carefully adjusting the PC, the position of the laser wavelength can be switched to obtain a number of different dual-
wavelength laser states.
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Figure 5. Different dual-wavelength laser states: (a) state 1 of dual-wavelength; (b) state 2 of dual-wavelength; (c) state 3 of dual-wavelength.

Fig. 5(a), (b) and (c) respectively show three different dual-wavelength laser states. As show Fig. 5(a), the laser output
spectrum is defined as dual-wavelength laser state 1 with wavelength positions of 1560.22 and 1560.676 nm, respectively.
As show Fig. 5(b), the laser output spectrum is defined as dual-wavelength laser state 2 with wavelength positions of
1560.692 and 1562.854 nm, respectively. As show Fig. 5(c), the laser output spectrum is defined as dual-wavelength laser
state 3 with wavelength positions of 1560.236 and 1563.262 nm, respectively. The results show that the wavelength position
can be changed within 3.026 nm and the optical signal to noise ratio (OSNR) is about 41 dBm in the dual-wavelength laser
state.

The MWEDFL can obtain stable triple-wavelength in the laser-output spectrum by adjusting the PC. In addition, by

carefully adjusting the PC, the position of the laser wavelength also can be switched to obtain a number of different triple-
wavelength laser states.
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Figure 6. Different triple-wavelength laser states: (a) state 1 of triple-wavelength; (b) state 2 of triple-wavelength.

Figures 6(a) and (b) respectively show two different triple-wavelength laser states. As show Fig. 6(a), the laser output
spectrum is defined as triple-wavelength laser state 1 with wavelength positions of 1560.22, 1560.583 and 1563.358nm,
respectively. As show Fig. 6(b), the laser output spectrum is defined as triple-wavelength laser state 2 with wavelength
positions of 1560.236, 1562.427 and 1562.883nm, respectively. Under the condition of triple-wavelength laser states, it can
be concluded that the wavelength position can be changed within 3.14 nm and OSNR is about 41 dBm. However, the number
of triple-wavelength laser states obtained by adjusting the PC is less than the laser states corresponding to dual-wavelength.

The power of pump source in the MWEDFL is maintained at 500 mW. Under the condition of proper adjustment of PC,
it can be respectively realized the balance between gain and loss of dual-, triple-, quad- and quint-wavelength. Hence the
number of wavelengths in the MWEDFL can be switched. Meanwhile, in order to study the stability of the MWEDFL in
different laser states, the dual-, triple-, quad- and quint-wavelength state lasers are scanned within 50 min. The laser output
spectra obtained are shown in Figs. 7(a)—(d), that the wavelength shift and output power fluctuation do not change
significantly. It is worth OSNR of all multi-wavelength laser states is about 40 dBm. In particular, the OSNR of the dual-
wavelength laser and the three-wavelength laser are all greater than 40 dB, which are 40.96 dB and 40.94 dB, respectively.
However, when the power uniformity of the output laser is analyzed, the quint-wavelength laser state is obviously lower
than that of dual-wavelength, triple-wavelength and quad-wavelength laser states. As shown in Fig. 7(d), the peak power of
the five-wavelength laser state at 1559.764 nm is significantly lower than that at other wavelengths, about 8.339 dB lower.
This phenomenon can be explained by using taper-coupled microbottle resonator as comb filters with different extinction
ratios at different wavelength positions. According to Fig. 3, the extinction ratio at 1559.764 nm is relatively low. Therefore,
the position with high extinction ratio corresponds to higher output laser power can be concluded in the laser output spectrum.
Similarly, the lower the extinction ratio, the lower the output laser power. Because of the existence of the mode gain
competition, the output power of the laser at the low extinction wavelength will be further suppressed [31]. It can also be
seen from Fig. 7(d) that the wavelength interval between the quint-wavelength laser state is not exactly equal to the FSR of
the taper-coupled microbottle resonator. This is attributed to spectral hole burning effect (SHB). When adjusting PC, the
SHB effect will be affected, resulting in the change of the gain spectrum of the laser [31].
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Figure 7. MWEDFL scanned within 50 min at an interval of 5 min: (a) dual-wavelength laser state; (b) triple-wavelength laser state; (c) quad-wavelength laser
state; (d) quint-wavelength laser state.

The time stability of MWEDFL has an important impact on its application in DWDM. Specific wavelength drift and
power fluctuation need to be understood. Therefore, on the basis of scanning the dual-, triple-, quad- and quint-wavelength
state lasers at 5min intervals within 50min, the position and power of the output laser wavelength are respectively read. Fig.
8(a) shows that the wavelength drift and power fluctuation of dual-wavelength laser state, which are 0.01 nm and 0.475 dB, 0 nm
and 0.324 dB at 1560.261 and 1562.884 nm, respectively. Figure 8(b) shows that the wavelength drift and power fluctuation of
triple-wavelength laser state, which are 0.01 nm and 0.505 dB, 0 nm and 4.327 dB, 0 nm and 4.055 dB at 1560.279, 1562.05
and 1562.576 nm, respectively. Fig. 8(c) shows that the wavelength drift and power fluctuation of quad-wavelength laser state,
which are 0.03 nm and 0.754 dB, 0.43 nm and 0.594 dB, 0.021 nm and 3.936dB, 0.021 nm and 4.579 dB at 1560.215,
1561.219,1563.268 and 1564.231nm, respectively. Fig. 8(d) shows that the wavelength drift and power fluctuation of quint-
wavelength laser state, which are 0.021 nm and 6.182 dB, 0 nm and 3.858 dB, 0.03 nm and 4.518 dB, 0 nm and 1.895 dB,
0.02 nm and 1.968 dB, at 1559.764, 1560.582, 1561.659, 1562.387 and 1563.926nm, respectively. A phenomenon can be
found from Fig. 7 and Fig. 8 that the more exciting spectral lines MWEDF outputs, the more obvious power fluctuation is, which
is caused by mode competition. On the whole, a switchable MWEDFL can be obtained by using a taper-coupled microbottle
resonators as a comb filter, but the maximum power fluctuation of the MWEDFL within 50 minutes is up to 6 dBm, which needs
to be further optimized. However, our proposed MWEDFL maintains the integrity of the all-fiber system due to the packaging
processing of taper-coupled microbottle resonators, so it has low requirements on the surrounding environment. It is worth noting
that the maximum extinction ratio of the transmission spectrum of the taper-coupled microbottle resonators is low, which may
limit the further growth of the OSNR of the MWEDFL.
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Figure 8. The wavelength drift and power fluctuation of laser with different multi-wavelength states in 50min: (a) dual-wavelength laser state; (b) triple-
wavelength laser state; (c) quad-wavelength laser state; (d) quint- wavelength laser state.

4. Conclusion

In this work, a switchable MWEDFL based on the taper-coupled microbottle resonators is proposed and demonstrated. The
taper-coupled microbottle resonators acted as high Q factor comb filter to select wavelength are applied in EDFL system. The
stable multi-wavelength laser states of switchable dual- to quint-wavelengths can be achieved by adjusting the PC. Furthermore,
the position of the output wavelength of the dual-wavelength and triple-wavelength laser can be shifted within ranges about 3.026
nm and 3.14 nm by carefully adjusting the PC, respectively. The OSNR of the MWEDFL is about 40 dBm. The system
demonstrated an excellent stability at room temperature with packaging the taper-coupled microbottle resonator by ultraviolet glue.
The wavelength shift and peak power fluctuation are less than 0.03 nm and 6 dBm. The developed MWEDFL has a wide range of

applications in communication and optical fiber sensing.
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