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Abstract: Based on the polarization conversion in a tapered fiber-coupled whispering gallery mode
(WGM) system, a simple-structured narrow linewidth band-pass filter was fabricated and a narrow
linewidth ring laser was demonstrated. With a fiber Bragg grating (FBG) to further select the resonant
mode, the ring laser could be in the single-longitudinal-mode with the linewidth about 6 kHz and
its wavelength could be tuned from 1540.10 nm to 1570.01 nm. Benefit from the dense modes
in the WGM resonator, high conversion efficiency, and better stability of the structure, a tunable
dual-wavelength laser could be achieved based on two FBGs with different resonant wavelengths.
The configuration of the proposed laser is simple and stable, which will benefit its applications in
the future.

Keywords: whispering gallery mode resonator; vector mode; add—drop filter; narrow-linewidth
laser; all-fiber ring laser

1. Introduction

Single-longitudinal-mode (SLM) narrow-linewidth lasers have been widely used in
areas such as coherent communication [1], metrology [2,3] and especially sensing applica-
tions [4-8]. Narrow linewidth indicates longer interference distance in various interferome-
ters and SLM leads to better intensity stability. Besides these features, the mode-hop-free
and large-tuning range are also important, which guarantee that the laser could be applied
in the fine spectrum measurement. One of the most widely used configurations for such
lasers is based on the Fabry—Perot (FP) interferometer, whose typical linewidth is about
hundreds of kilohertz due to its low-quality factor (Q-factor). Considering the development
of the whispering gallery mode (WGM) resonators in recent years [9-12], they have been
widely used in the configuration of narrow-linewidth lasers due to their high Q-factor,
which can be up to 10° times larger than that of the FP cavity. The lasers developed include
stimulated lasers [10,13], WGM resonator lasers [14,15], and various ring lasers [6,16]. Due
to the advantages of relative lower cost and good tunability, ring lasers attract more atten-
tion among researchers. One of the key components in a ring laser is a band-pass filter. It is
well known that a typical coupled WGM could provide a band-reject feature [17]. Although
backscattering of the WGM could also provide a band-pass feature [14], the structures of
the add—drop filter (ADF) based on a coupled WGM resonator system are more preferred
for its high efficiency. The ADF filter based on the WGM includes at least two channels:
one is through the channel, which usually provides the band-reject feature, and the other is
the drop channel, which provides the band-pass feature. The channels could be either two
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individual waveguides [15,16,18,19] or two modes in one waveguide [20-23]. Note that a
waveguide has to be calibrated with the WGM within hundreds of nanometers to achieve
high coupling efficiency. Therefore, the configuration with only one waveguide gains the
advantages of simple structure, high efficiency, and high stability due to the quasi-critical
coupling (QCC) effect of the WGM [24-26].

The first all-fiber ADF based on the linear polarization (LP) mode conversion of the
WGM in a single tapered fiber (TF) was demonstrated in 2016, in which the LP;; modes
in a multimode TF acted as a drop channel [20]. Although there was only one TF for the
coupling of the WGM, an additional TF had to be introduced to couple the LP1; mode out
to the realized band-pass feature, which made the structure not only vulnerable but also
with large insertion loss [20,27,28]. With a tunable fiber Bragg grating (FBG) as a wide-band
wavelength selector, an all-fiber SLM ring laser with a continuously tunable range had
been demonstrated based on the structure [29]. The linewidth of the laser was as small
as 3 kHz, which could fulfill most of its applications. The only problem was the complex
structure of the ADE.

The latest works have shown that the polarization conversion in a TF could be realized
by coupling it with a WGM, which could also be used to fabricate an ADF [21-23]. The
configuration needed only one TF coupling with the WGM resonator and the insertion
loss was negligible. The structure of the ADF was much simpler and the coupling state
was more stable than the previous configurations [25]. It is a good candidate to realize
the tunable ring lasers. Yet, due to the thinner TF applied, the coupling loss of the WGM
to the TF increased compared to the multimode TF configuration, which increased the
bandwidth of the filter. At the same time, in a ring laser, the polarization of the light
will change its resonant wavelength; whether it can realize laser tuning still requires
further demonstration.

In this article, we present an SLM narrow-linewidth laser with a widely tunable
range based on the polarization conversion in a TF-coupled WGM system, which acted as a
narrow band-pass filter in the laser. With a single FBG acting as the wavelength selector, the
wavelength of the laser could be tuned continuously from 1540.10 nm to 1570.01 nm and a
typical linewidth was 6 kHz at the wavelength of 1550.17 nm. With dual FBGs, the structure
could also realize a configurable two-wavelength laser with more agility. The proposed
laser gained advantages of narrow-linewidth, a widely tunable range, high efficiency, as
well as robust and simple structure, which would be helpful for its future applications.

2. Materials and Methods

The fiber mode conversion may be realized by coupling two fiber modes to a WGM
at the same time. These two fiber modes can be in different physics channels, which is
the traditional ADF structure and has been studied universally, while they can also be in
the same physics channel [20,24]. In previous work, it has been demonstrated that the
cladding mode LPj; and the core mode LPy; could act as the drop mode and through
mode of the ADF, respectively. However, the LP1; mode had to be led out by an additional
TF [27,28] with additional insertion loss to realize the band-pass feature of the ADF. The
latest studies have shown that the orthogonal components of a vector mode in a single
mode TF could serve the same function as well [21-23]. By a polarization coupler at the
output port of the tapered fiber, the HE;;X and HE;; ¥ modes acting as the through mode
and drop mode, respectively, could be separated simultaneously, and a convert efficiency
at the drop mode, higher than 95%, had been demonstrated with the QCC effect [25].
Although the configurations were totally different, all the structures could be explained
by the same ADF theory [18,20]. For convenience, we explained the mechanism with the
vector mode components, which act as the through mode and drop mode. The conversion
efficiency of the drop mode is given as in [18,20,24]:

4KxKy

D=—2
(ko + Kkx + Ky)

)
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where 1« is the intrinsic loss of the WGM, «y is the coupling loss to the through mode
of the WGM, and «xy is the coupling loss to the drop mode of the WGM. The conversion
efficiency could be as high as approximately 100%, i.e., D = 1 when xx = ky >> x¢ [24,25].

Different from the mode conversion between the cladding modes and the core mode,
the modes HE11X and HEq; Y are degenerated and their mode fields are overlapped. There-
fore, the decay rates of xx and xy are nearly the same all the time [24,25]. According to
previous research studies [30,31], the coupling losses between the two modes and a WGM
obey the relationship of xx/xy = cot?d, where 6 is the angle between the polarization
directions of the WGM and the HE;;X mode. It is obvious that when 6 equals 45°, xx will
equal to xy. With xx >> xy, the total transmission D will be almost 100% according to
Equation (1), which is called the ideal QCC state [24,25]. Note that the state will remain
unchanged as the coupling gap varies when xx is much larger than .

The configuration to realize the polarization conversion is shown in Figure la. A
polarizer P1 is placed before the input port of the TE. When the pump light propagates
through P1, it will represent linear polarization and be defined as HE;1X. After the WGM
resonator, the output light will convert to the orthogonal vector mode HEj; ¥ with suitable
configuration. The light that does not couple with the cavity modes will remain in mode
HE;;X. With a second polarizer P2 at the output port, the device could be regarded as
a narrow linewidth polarization filter (PF). Note that the feature of the output spectra is
determined by the polarization direction of P2 [25]. Either the band-pass or band-reject
feature is available. Since we expect a band-pass filter for a ring laser, the polarization
direction of P2 should be perpendicular to that of the P1. As an example, a band-pass
spectrum of the PF is shown in Figure 1b. To further select the drop channels, an FBG with
a circulator is introduced, identical to that in the previous work [29], and the transmission
spectrum at the end of the band-pass filter will be the combination spectrum of the FBG
and the drop mode, as shown in Figure 1b. The bandwidth of a typical FBG is about
0.2 nm, which could include several WGMs at the same time. When there is competition
among the modes, only one mode could actually work in the ring laser, which is usually
the mode with highest conversion efficiency. As an example, a working spectrum of the
FBG is presented arbitrarily as a blue inverse U-shape line in Figure 1b, and the mode with
the highest conversion efficiency within the spectrum of the FBG will be selected, which is
marked as mode 1. When the FBG is stretched by external force, the center wavelength of
its spectrum will red-shift and the activated mode will change accordingly, which is shown
as a dotted blue line and labelled as mode 2 in Figure 1b as an example. The situation will
be the same when another FBG is introduced, which is shown as the second blue inverse
U-shape line and labelled as mode 3.
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Figure 1. (a) Schematic diagram of the polarization conversion based on orthogonal modes coupled
a WGM resonator, including P1 and P2, which are the polarizers. (b) The principle of the mode
selection brought by the FBG. The black line is the spectrum of the drop mode of the polarization
conversion device, the blue inverse U-shape lines indicate the reflection spectrum of FBG, and the
red modes 1, 2, and 3 are the WGM s selected by the FBG.
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3. Experiment and Results

In the experiment, a microsphere was fabricated from a fiber tip with a fiber fusion
splicer to act as a WGM resonator whose diameter was about 215 um. The typical Q-
value of the WGM applied was about 107, corresponding to a bandwidth of 20 MHz. The
waist of the TF was about 1.6 um. The coupling gap between the microsphere and the
TF could be precisely modified by a 3D nano-positioning system. The polarizer before
the TF was placed inside a fiber bench (FB) whose extinction ratio was better than 30 dB.
The polarizer after the TF was replaced with a polarization beam splitter (PBS) whose
polarization directions at its outputs were orthogonal. To achieve a high efficiency of the
band-pass filter, the polarization direction of the WGM needed to be calibrated. With the
microsphere tuned in the under-coupled regime, we tuned the polarizer in the fiber bench
to change the polarization of the input light until the coupling efficiency of the WGM
reached its maximum. After the calibration, the polarizations of the input light and the
WGM were taken as parallel and such a state of the input light was defined as 6 = 0°. Then,
the microsphere was shifted away from the TF and the polarizer was rotated about 45°
from the position of § = 0°. After that, a PBS with a polarization controller was connected
to the output port of the TF. By tuning a polarization controller between the PBS and TF,
the light in one of its ports was minimized, defined as the drop port, and the other one
was defined as the through port. Then, the microsphere was shifted back. With a tunable
laser sweeping its wavelength at the input and with a pair of photodetectors (PDs) at
the outputs to monitor the transmissions, both spectra at the through port and drop port
could be measured by an oscilloscope (OSC), which are shown in Figure 2a,b, respectively.
The transmission spectrum of the through mode included a serial of notches, while the
transmission spectrum of the drop modes included a serial of peaks. Within 1550-1551
nm, there were more than 20 modes whose conversion efficiency was larger than 10%, as
depicted in Figure 2b, and the average spectra adjacent to them was about 0.05 nm. The
conversion efficiency could be very high under suitable conditions. As an example, one
peak with a conversion efficiency above 99% is marked in Figure 2b. In allowing for the
insertion loss to extract the drop mode, the configuration gained much better conversion
efficiency than in previous works [20,24].
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Figure 2. (a,b) are the transmission spectra of the through mode and drop mode in the wavelength
range of 1540 nm to 1570 nm.

With the filter, a typical ring laser setup was applied in the experiment. The band-
pass filter could provide a series of band-pass peaks with a bandwidth of about tens of
MHz. As shown in Figure 3, an FBG was used as the additional wavelength selector and
could provide an extended tuning range. An erbium-doped fiber amplifier (EDFA) was
used as the gain medium. An isolator was used to ensure unidirectional emission, which
could avoid both the spatial hole-burning and non-linear back-scattering. A polarization
controller was used to optimize the output laser. With a 99/1 optical coupler, 99% of
the power would circulate within the ring cavity and 1% would be led out. The output
power was divided by a 10/90 coupler, in which the smaller part was led to an optical
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spectrum analyzer (OSA) to monitor both wavelength and power level and the rest was led
into the delayed self-heterodyne interferometer (DSHI) device, which was usually used to
characterize the linewidth of the laser [32,33]. In the DSHI device, an acousto-optic tunable
add/drop coupler (AOTC) was used as the frequency shift generator, with a frequency
shift of about 0.9 MHz [29]. The delay line was about 40 km with a delay time of about
200 ps, which could provide a resolution of around 5 kHz in the linewidth measurement.
The beat generated by the interferometer was recorded by an OSC via a PD.

FNe

Isolator

Figure 3. The diagram of the ring laser. Abbreviations: PC, polarization controller; C, optical
circulator; FBG, fiber Bragg grating; PF, polarization filter shown as the inset, which has been
introduced above; FB, fiber bench; PBS, polarization beam splitter; EDFA, erbium-doped fiber
amplifier; isolator, optical isolator; 99/1 and 10/90, optical couplers and their ratios; OSA, optical
spectrum analyzer; and DSHI, delayed self-heterodyne interferometer device.

A typical result with an arbitrary wavelength of 1550.17 nm is shown in Figure 4,
with comparable SNR to previous work [29]. The spectrum is shown in Figure 4a and
the frequency spectrum of the optical beat from the DSHI is shown in Figure 4b. In the
figure, the main peak at 0.9 MHz was from the optical beat. There were also peaks brought
by the frequency multiplication, such as the peaks at 1.8 MHz, 2.7 MHz, 3.6 MHz, and
4.5 MHz. The 3-dB bandwidth of the peak at 0.9 MHz was about 12 kHz with Lorentz
fitting, as shown in the inset of Figure 4b. According to the theory, the linewidth of the
laser should be about 6 kHz [32,33]. The length of the ring cavity was about 40 m and the
frequency beat from the side longitudinal mode should be located at 5 MHz accordingly,
which could hardly be observed in the measurement, as shown in the position of the blue
circle in Figure 4b. Therefore, the laser in the experiment worked in the single-longitudinal-
mode state.
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Figure 4. (a) The spectrum of the output laser. (b) The measurement result of the linewidth by the
DSHI device.
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As in previous work, the wavelength of the laser could be tuned [29]. By stretching
the FBGs with different central wavelengths, the wavelength of the laser could be tuned
coarsely and it covered the range of 1540.10 nm to 1570.01 nm with the step of 0.12 nm,
which is shown in Figure 5a,b. During the coarse tuning, the output power would fluctuate
within 5 dB, which originated from the difference in the polarization mode conversion
efficiency in the WGM-based filter, as shown in Figure 2b. With specially designed FBG, the
tuning range of a single FBG could be expanded beyond 40 nm [34], which could simplify
the structure further.
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Figure 5. The tunability of the laser. (a) The output lasers based on the FBGs with different resonance
wavelengths. (b) The output lasers based on different WGMs when stretching the FBG. (c) The output
spectrum of the laser when changing the pump-current in the EDFA. (d) The wavelengths and output
intensities at different pump-currents.

The fine continuous tuning was based on the optical-thermo effect of the WGM. In
a high-Q WGM, the refractive index and volume of the WGM would change at different
pump-powers due to the changing of the temperature, which would lead to the changing
of the resonance wavelength [16,35]. Therefore, the wavelength of the laser could be tuned
continuously by adjusting the pump power of the ring cavity [29]. One of the examples
is shown in Figure 5c. By changing the pump current from 1.20 A to 1.50 A in the EDFA,
the wavelength of the output laser could be fine-tuned from 1550.36 nm to 1550.49 nm
without mode hop. Note that with a suitable pump-current of the EDFA, the tuning was
approximately linear, for example, from 1.3 A to 1.5 A, as shown in Figure 5d.

Since the longitudinal mode of the ring laser could be selected by an FBG, it is simple
to realize a multi-wavelength laser with additional FBGs introduced. As an example, we
demonstrated a dual-wavelength laser. In the configuration, two FBGs connected with
a 50:50 coupler had been inserted in the optical ring laser via a circulator and each one
was connected with a polarization controller to adjust the polarization of the reflected
light from the FBG, as shown in Figure 6a. When the resonant wavelength of the FBG was
changed by different stress, the wavelengths of the laser could be modified accordingly, as
shown in Figure 6b. In the figure, one of the wavelengths was fixed at 1550.07 nm, while
the other was tuned from 1550.61 nm to 1552.21 nm. The wavelength spacing was changed
from 0.54 nm to 2.14 nm.
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Figure 6. (a) Diagram of the dual-wavelength laser. Abbreviations: PC1 and PC2, polarization
controllers; C, optical circulator; FBG1 and FBG2: fiber Bragg gratings; PF, polarization filter shown
as the inset, which has been introduced in Figure 3; EDFA, erbium-doped fiber amplifier; isolator,
optical isolator; 50/50 and 99/1, optical couplers and their ratios; and OSA, optical spectrum analyzer.
(b) The tunability of the dual-wavelength laser.

4. Conclusions

In summary, we demonstrated an all-fiber SLM narrow-linewidth ring laser based on
a WGM resonator and FBGs whose linewidth was about 6 kHz. Only one TF was needed
in the band-pass filter with a QCC-state, which made the structure simple, stable, and
effective. By inserting an FBG as an additional wavelength selector, the wavelength of the
laser could be stabilized and selected simultaneously. The output wavelength of the laser
could be continuously tuned, covering the whole range from 1540.10 nm to 1570.01 nm.
Through the benefit of the dense modes and high conversion efficiency of the device, a
dual-wavelength laser could also be achieved and the wavelength spacing was changed
form 0.54 nm to 2.14 nm by adjusting the stress on the FBGs and the polarization of the PCs.
Compared with the previous work [29], this work sustained the advantages of all-fiber
structures as well as the SLM and widely tunable range, with a comparable linewidth and
SNR. With a simpler structure, alongside better efficiency and stability, the laser is more
practical and has significant potential applications in the future.
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