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A comb fiber filter based on modal interference is proposed and demonstrated in this paper. Here two cascaded up-
tapers are used to excite the cladding mode, and a core-offset jointing point is used to act as an interference component.
Experimental results show that this kind of structure possesses a comb filter property in a range of the C-band. The measured
extinction ratio is better than 12 dB with an insertion loss of about 11 dB. A switchable multi-wavelength erbium-doped
fiber laser based on this novel comb filter is demonstrated. By adjusting the polarization controller, the output laser can be
switched among single-, dual-, and three-wavelengths with a side mode suppression ratio of better than 45 dB.
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1. Introduction

Stable multi-wavelength erbium-doped fiber lasers are
very attractive sources for many applications such as fiber
communication systems, optical instrument testing, optical
fiber sensing, and microwave photonic systems.!!=3! Espe-
cially, a switchable multi-wavelength fiber laser is more attrac-
tive, for its output can be switched among the single-, dual-,
and multi-wavelengths.*-°! To achieve multi-wavelength las-
ing, versatile filters as selectors of operation wavelengths have
been employed in the laser cavity to maximize the number
of stable emission lines. Feng et al. reported a switchable
multi-wavelength erbium-doped fiber laser based on a Mach—
Zehnder interferometer.!”] Here a twin-core fiber was used
as the comb filter, and a multi-wavelength fiber laser with
maximum lasing wavelengths of three wavelengths has been
achieved. However, the signal-to-noise ratio (SNR) of the
laser is very low due to the low extinction ratio of the twin-
core fiber-based comb filter.
fiber filter based on a delay interferometer cascaded with a
tunable band-pass filter.[®] A dual-wavelength fiber ring laser
has been realized by using this new comb filter. However, the
fiber Mach—Zehnder interferometer (MZI) also has a low ex-

Chen et al. designed a comb

tinction ratio and cannot suppress the mode competition of
dual-wavelength lasing effectively. Zou et al. demonstrated
a switchable dual-wavelength PM-EDF fiber laser based on
a dual-pass Mach—Zehnder (MZ) interferometer in coopera-
tion with a Sagnac loop.l”! The proposed filter is very inter-
esting. However, the configuration of this laser is complex
which restricts its application. Luo reported a tunable and
switchable multi-wavelength laser based on a modified dual-
pass MZ interferometer.'!%! By adjusting the polarization con-
troller, up to 29 lasing lines can be achieved. Many other
multi-channel filters based on fiber Bragg grating (FBG) have
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been reported, such as cascaded FBGs,[!'! sampled FBG, !
polarization-maintaining FBG,!'*! cascaded long-period fiber
grating (LPG),["*! etc. However, the fabrication of FBG is
complex and needs expensive equipment such as an excimer
laser and phase mask plate, which increases the production
costs virtually.

In this paper, a simple novel comb filter based on
modal interference is proposed and experimentally demon-
strated. Some filters based on modal interference have been

15161 However, these reported filters need LPG or a

reported. |
specially designed optical fiber. The comb filter proposed in
this paper is fabricated by standard telecommunication single-
mode optical fiber and does not need FBG or other optical
elements. Here we use two cascaded up-tapers to excite the

17-191 and a core-offset jointing point behind

cladding modes!
the up-taper is used as an interference component. By adjust-
ing the diameter of the cascaded up-taper and the core-offset
distance of the core-offset jointing point, a comb filter in a
spectrum range of the C-band is achieved. Using this comb
filter in the ring fiber laser as a wavelength selector, a stable
and effective switchable multi-wavelength erbium-doped fiber
laser is achieved experimentally. By adjusting the polarization
controller (PC), the laser can operate in stable single-, dual-,

and three-wavelengths’ lasing states.

2. Theory of core-offset structure filter and
Sagnac loop interferometer

Figure 1 shows the schematic diagram of the cascaded
up-taper-core-offset structure-based filter. It can be seen from
Fig. 1 that the filter contains two cascaded up-tapers, a core-
offset jointing point, and an optical fiber between the up-taper
and the core-offset jointing point. The light is incident into
the sensor from the left port, and transmits through the cas-
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caded up-tapers and the core-offset jointing point. When the
light in the core mode propagates into the cascaded up-tapers,
part of the light will couple into the cladding and excites some
cladding modes which will propagate in the cladding. Here
we should point out that the two cascaded up-tapers are used
to excite the cladding mode instead of a single up-taper. This is
mainly because the cascaded up-tapers are more effective for
cladding modes to be excited compared with a single up-taper.
Figure 3(b) shows the interference spectrum of the filter with
single and two up-tapers. The diameter of the single up-taper
is 249 pm, and the diameters of the two cascaded up-tapers
are 249 um and 245 pum respectively. We can see from Fig. 2
that the extinction ratio of the filter with two up-tapers is much
bigger than that of the filter with a single up-taper.

Fig. 1. (color online) Schematic diagram of the up-taper-core-offset
structure filter.

After the light in the core and cladding propagates
through a certain length of fiber to the core-offset jointing
point, the light in the cladding will re-couple back to the core
and interfere with the core mode. There will be transmission
peaks and dips in the output spectrum due to the accumulated
phase difference between the core mode and cladding mode.
All the fibers used in this experiment are standard telecommu-
nication single-mode optical fibers (SMF-28, Corning, Inc.)
with the core/cladding diameter of 8.3 um/125 um. The core-
offset distance d is about 8.5 pm and the maximum diameters
of the two cascaded up-tapers are 249 um and 245 um, re-
spectively. The diameter of the waist between the up-tapers is
about 120 pm with the center-to-center distance of 745 pm.
Here the core-offset structure is fabricated by using a fiber
fusion splicer with an altered “SMF splicing program”. The
fusion current is reduced to 10.3 mA in order to avoid damag-
ing the waveguide structure of the SMF. The up-taper is also
fabricated by using an altered “SMF splicing program”. The
parameter “overlap” in the original program is changed into
a maximum value of 49.9 um. However, the overlap value
is not enough to fabricate the up-taper, so we need to splice
the SMF many times until a satisfactory up-taper is achieved.
By taking the fast Fourier transformation (FFT), we find that
only the low-order cladding mode is excited effectively in the
cascaded up-tapers and interferes with the core-mode in the
core-offset jointing point. The output power of the sensor can
be calculated from the following equation: [>°!

Leore + Z clad T 22 \/ Icorelc(li)ld ~cos (), (1)

where I and IClad are the intensities of the core mode and
the i-th cladding mode propagating in the filter, respectively,
and ¢; is the phase difference between the core mode and the

i-th cladding mode, which can be defined as

¢ =276/, (2)
6 = Antyl = (ni5re St ) L. 3

Here §; is the optical path difference, L is the fiber length, A
is the free space wavelength, n¢%® and n’p®" are the effective
index and the refractive index of the core mode and the i-th
cladding mode respectively. There will be a transmission peak
in the output spectrum when the accumulated phase difference

is 2k, which can be calculated from Eq. (1):
0= Z@ - ZZn nSe —nSY LA = 2km,  (4)

A= Z ne —ngi )L /k. )

3. Experimental results

We can see from Eq. (5) that there will be many transmis-
sion peaks corresponding to different values of k. In addition,
the free space range (FSR) of the filter will correspond to the
length of fiber (L) between the cascaded up-taper and the core-
offset jointing point. The measured transmission spectrum of
the filter is shown in Fig. 2. Here figures 2(a)-2(c) show the
transmission spectra of the filter with different fiber lengths
and figure 2(d) shows the relationship between the FSR and
L. Here we can see from Fig. 2 that the filter shows a good
property in the C-band, which is the absorption range of the
erbium-doped fiber (EDF). The measured extinction ratio is
more than 12 dB for each filter as shown in Fig. 2, which is
large enough for laser oscillation. So we can use this kind of
comb filter to fabricate our multi-wavelength fiber laser.

Although the comb filter shows a good property in the
C-band, there is also a slight fluctuation in the transmission
spectrum. This phenomenon is caused mainly by the inter-
ferences between the high-order modes and the fundamen-
tal mode. To analyze the number and power distribution of
the interference modes, the transmission spectra in Fig. 2 are
Fourier-transformed to obtain the spatial frequency spectra of
the interference patterns. The spatial frequency spectra are
shown in Fig. 3(a). The dominant peak at zero corresponds to
the fundamental mode LPy;, and the other peaks correspond
to the high-order modes. There is only one prominent mi-
nor peak in Fig. 3(a), which indicates that only one high-order
mode is excited effectively and interferes with the fundamental
mode. However, there are also some feeble peaks in Fig. 3(a)
which relate to other high-order modes. The interference be-
tween these high-order modes and the fundamental mode is
slight and modifies the envelope of the transmission spectrum

as shown in Fig. 2.
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Fig. 2. Transmission spectrum of the up-taper-core-offset-based filter with fiber length L = 94.9 (a), 183.8 (b), 235.3 mm (c), and (d)

the relationship between FSR and L.
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Fig. 3. (color online) (a) Spatial frequency spectra of the comb filter
with different fiber lengths, (b) transmission spectra of the filter with
single and two up-tapers.

As expressed above, the comb filter based on the cascaded
up-tapers-core-offset structure can be used as a wavelength se-
lector to fabricate the multi-wavelength fiber laser. The con-
figuration of the proposed laser is shown in Fig. 4. Here a

980-nm laser diode with a power of 150 mW is used to pump
the laser. The pump laser is incident into the cavity through a
980/1550 wavelength division multiplexer (WDM). The other
port of the WDM(port2) is fusion-spliced with a 4-m-long in-
house-fabricated erbium-doped fiber (EDF), whose absorption
coefficient is 16 dB/m at 1530 nm. Then the EDF is spliced
with the up-taper-core-offset-based comb filter, which is used
to serve as the wavelength select mechanism. The filter length
used in our laser is 235.3 mm, with the FSR of 2.18 nm. The
insertion loss of this filter is about 11 dB and the transmission
spectrum is shown in Fig. 2(c). Here we should point out that
the polarization dependence of the proposed filter is reduced
in the cavity due to the asymmetry of the core-offset struc-
ture, and a polarization controller (PC) is inserted in front of
the filter to control the polarization statement. The PC can di-
versify the polarization states of different wavelengths in the
EDF through wavelength-dependent polarization rotation and
introduce wavelength-dependent gain and loss. Consequently,
a polarization hole burning (PHB) effect is introduced into the
cavity, which will reduce the homogeneous line-width of the
EDF.[>!l The output of the filter is then spliced with a 10/90
fiber coupler whose 10% port is used to monitor the output of
the laser, and the 90% port is spliced with port 3 of the WDM
to make the light transmit back to the cavity. Here two isola-
tors (ISO) are inserted into the cavity to suppress the undesired
reflection.

By adjusting the PC, the laser can be made to operate in
stable single-, dual-, and three-wavelength lasing states un-
der the invariable pumped power at room temperature. The
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output spectrum with three wavelengths is shown in Fig. 5.
The wavelengths are 1544.431 nm (A;), 1546.657 nm (A,),
and 1548.807 nm (A3). The lasing wavelengths are determined
by the transmission peaks of the comb filter. The wavelength
intervals are 2.226 nm between the first peak and the second
peak, and 2.15 nm between the second peak and the third peak.
Here we should point out that the lasing wavelength spac-
ing of the oscillation operations is not precisely matched with
the transmission peaks spacing of the comb filter. This phe-
nomenon is caused mainly by the spectral hole burning (SHB)
effect. The SHB effect can be influenced when we adjust the

PC, which will affect the gain spectrum of the laser.!?!!

port 2
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Er-doped fiber

ISO_l[

980 nm pump
\ ort
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Fig. 4. (color online) Schematic diagram of the switchable multi-
wavelength fiber ring laser. CF: comb filter.
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Fig. 5. (color online) Output spectrum with three wavelengths.

The measured signal-to-noise ratio (SNR) is better than
45 dB, and the 3-dB bandwidths are 0.035 nm, 0.033 nm,
and 0.035 nm for the three wavelengths. In order to test the
stability of the laser, the output spectrum is recorded repeat-
edly for more than half an hour with the recording interval
of three minutes. The results are shown in Figs. 6 and 7.
The results show that the laser exhibits a high stability within
the measured time with a peak power and lasing wavelength
fluctuation of less than 0.9 dB and 0.013 nm for these three

wavelengths. The detailed fluctuation for each wavelength is

marked in these figures. Here we should point out that there
are only three wavelengths oscillating in the cavity at most.
We think that this is mainly due to the unequal EDF gain. In
addition, the property of the home-made PC also will influ-
ence the number of lasing wavelengths because the polariza-
tion states of the different lasing wavelengths cannot be accu-

rately adjusted.?!]
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Fig. 6. (color online) Time-dependent wavelength fluctuations of the
three wavelengths.
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Fig. 7. (color online) Time-dependent output power fluctuations of the

three wavelengths.

By adjusting the state of the PC, we can control the po-
larization state in the ring cavity. Then we can adjust the
polarization-dependent loss for the three lasing wavelengths of
A1, A2, and A3. If the polarization-dependent loss for one las-
ing wavelength is big enough, this lasing wavelength will be
suppressed. As a result, the lasing wavelength number can be
controlled and a switchable fiber laser with single- and dual-
wavelengths can be achieved. Figure 8 shows the output spec-
tra of the laser with dual-wavelength. Figure 8(a) shows the
output spectrum with the lasing wavelengths of 1544.418 nm
and 1546.566 nm and figure 8(b) shows the output spectrum
with the lasing wavelengths of 1546.658 nm and 1548.806 nm.
In order to test the stability of the laser operating in dual-
wavelength, the output spectrum is recorded repeatedly 12
times in 3-min intervals for more than half an hour. The results
show that both of the two dual-wavelength lasers are highly
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stable. The measured peak power and lasing wavelength fluc-
tuation for each of the two dual-wavelength lasers are less than
1 dB and 0.015 nm, respectively.
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Fig. 8. (color online) Output spectra with dual-wavelength.
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Fig. 9. Superimposed spectra of the laser with single-wavelength.

Adjusting the PC continuously, a single-wavelength laser
can be achieved in this experiment. The single-wavelength can
be controlled to oscillate at each wavelength among the three
wavelengths by adjusting the PC. The superimposed spectra
of the laser with single-wavelength are shown in Fig. 9. The
output laser wavelengths are 1544.301 nm, 1546.484 nm, and
1548.820 nm for these three single-wavelength lasers. Here
we should point out that the wavelengths are not precisely
matched with the three-wavelength output results. This phe-
nomenon is caused mainly by the SHB and PHB effect. In

order to illustrate the position relations of each lasing wave-
length, we plot these three single-wavelength lasers in the
same figure in different colors as shown in Fig. 9. The stabil-
ities of the three single-wavelength lasers are also monitored
in more than half an hour. The power and wavelength fluctu-
ation are less than 0.7 dB and 0.015 nm for each of the three
wavelengths respectively.

Here, we should point out that the up-taper-core-offset
structure is polarization-dependent. By adjusting the PC, we
can gain a dual-wavelength fiber laser with two different po-
larization stations. The output spectrum is shown in Fig. 10.
The out wavelengths are 1548.689 nm and 1548.820 nm, with
a wavelength spacing of 0.131 nm. In addition, by adjusting
the PC, we can suppress one of the two polarization stations
and the dual-wavelength fiber laser can be switched to single-
wavelength. The output spectra of the fiber laser under differ-
ent polarizations are shown in Fig. 11.
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Fig. 10. (color online) Output spectrum of the laser with dual-

wavelength operation.
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Fig. 11. Output spectra of the laser under different polarization stations.

In addition, by adjusting the fiber length of the comb fil-
ter, we can control the FSR of the filter. In this condition, we
can gain a fiber laser with more lasing wavelengths. Figure 12
shows the output spectrum of the laser with a filter length of
304.3 mm, whose FSR is 1.85 nm. As shown in Fig. 12, we
can gain a four-wavelength stabile output.
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Fig. 12. (color online) Output spectrum with four lasing wavelengths.

4. Conclusions

We proposed a comb filter based on a cascaded up-tapers
and core-offset jointing point. Here the two cascaded up-
tapers are used as a cladding exciting component, and the core-
offset jointing point is used to act as the interference compo-
nent. This novel fiber filter shows a nice filter property in the
spectrum range of the C-band with a measured extinction ratio
of better than 12 dB. On this basis, we fabricate a switchable
multi-wavelength erbium-doped fiber laser. By adjusting the
state of the PC, a switchable fiber laser with single-, dual-, and
three-wavelengths is achieved in this experiment. The laser
has an SNR of better than 45 dB and shows a high stability
at room temperature within the measured time. In addition, by
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adjusting the fiber length of the comb filter, we can gain a fiber
laser with more lasing wavelengths.
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