IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 13, 2020, accepted June 29, 2020, date of publication July 2, 2020, date of current version July 16, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3006740

High Performance Tunable Dual-Wavelength
Erbium-Doped Fiber Laser Implemented by Using
Tapered Triple-Core Photonic Crystal Fiber

ZIJUAN TANG ', ZHENGGANG LIAN 2, TREVOR M. BENSON 3, (Senior Member, IEEE),
XIN WANG ', WAN ZHANG ', SHIBO YAN"!, AND SHUQIN LOU""!, (Member, IEEE)

!'School of Electronic and Information Engineering, Beijing Jiaotong University, Beijing 100044, China
2Yangtze Optical Electronics Company Ltd., Wuhan 430205, China
3George Green Institute for Electromagnetics Research, University of Nottingham, Nottingham NG7 2RD, U.K.

Corresponding author: Shuqin Lou (shqlou@bjtu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61775014.

ABSTRACT Based on tapered Triple-Core Photonic Crystal Fiber (TCPCF), a high performance tunable
Dual-Wavelength Erbium-Doped Fiber Laser (DW-EDFL) is proposed and experimentally demonstrated.
The mode-coupling among three cores of TCPCF appears periodically and becomes further enhanced in
tapered TCPCEF, which are beneficial to form a filter to select lasing wavelength. A series of tapered TCPCFs
with different taper lengths are fabricated and inserted into tunable DW-EDFL as filters. Multiple groups of
tunable dual-wavelength lasing outputs are achieved by using the tapered TCPCF filter with a waist diameter
of 126 um. The maximum tunable range can reach up to 14.36 nm and the side mode suppression ratio of all
lasing outputs are above 52 dB. In addition, the tunable single- and triple-wavelength lasers are also obtained.
The tunable single-wavelength laser has an excellent linear response to strain and can be applied to realize
a high-sensitivity strain sensor with the highest strain sensitivity of —13.1 pm/ue.

INDEX TERMS Optical fiber communication, dual-wavelength tunable fiber laser, mode coupling analysis,

tapered multicore fiber.

I. INTRODUCTION

A. BACKGROUND

Dual-wavelength erbium-doped fiber laser (DW-EDFL)
plays an important role in the fields of microwave genera-
tion [1], high-resolution spectroscopy [2], remote sensing [3],
etc. due to their high side mode suppression ratio (SMSR),
narrow line width, flexible structural design, and high robust-
ness. The main obstacle to achieve stable dual-wavelength
lasing output is the strong mode competition existed in the
laser cavity because of the uniform gain broadening mecha-
nism of erbium-doped fiber (EDF). To overcome this prob-
lem, various methods have been proposed such as cooling
EDF at 77 K by liquid nitrogen [4], adopting a hybrid gain
medium [5], [6], utilizing Brillouin-comb assisted four-wave
mixing (FWM) [7], inducing nonlinear polarization rota-
tion (NPR) technique in laser cavity [8], [9], introducing
nonlinear optical loop mirror (NOLM) [10], constructing
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fiber filters based on high-birefringence FBG [11], microfiber
coupler [12], multicore fiber (MCF) couplers [10], Sganac
interferometer [13], multi-stage lyot filter [14], Fabry—Perot
and Mach—Zehnder interferometer (MZI) [15]. MCF coupler
taking advantage of the unique mode-coupling property, can
produce a periodically coupled transmission spectrum and
thus become a popular candidate for achieving stable and
multiple dual-wavelength lasers. Yin. ef al. reported a tunable
DW-EDFL by adopting twin-core fiber (TCF) and achieved
tunable bandwidth of 1.2 nm with the SMSR higher than
40 dB [16]. A four-wavelength switchable fiber laser based
on twin-core EDF is achieved by Lian with a wavelength
spacing of 1.1 nm and the SMSR higher than 43 dB [17].
By utilizing seven-core fiber (SCF) as a filter, He. et al.
proposed a switchable DW-EDFL with five kinds of wave-
length intervals, but the highest SMSR lower than 30 dB [18].
Zhang.et al. reported a single- and dual-wavelength tunable
DW-EDFL by combing SCF with MZI in which the tunable
range are ~11 nm and 7 nm with the SMSR higher than
45 dB [19].
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The taper fiber technology was reported as early as
2003 [20], and it has been proven to have strong evanes-
cent field and mode confinement. The use of such tapered
fiber as filter can achieve transmission spectrum with high
extinction ratio (ER) and good comb characteristics. Thus it
has been widely used in dual-wavelength lasers [21], [22].
Tong. et al. proposed a tunable DW-EDFL using an in-line
tapered fiber filter with the tuning range of dual-wavelength
lasers of 10 nm and the SMSR of each laser over 43 dB [23].
A tunable C- and L-band DW-EDFL was proposed by
Zhou et al. using a tapered large core fiber with the tunable
range of 6nm and the SMSR of 50 dB [24]. It can be con-
cluded that taper technology can be useful for improving laser
output performance significantly.

Recently, photonic crystal fiber (PCF), in which the guid-
ing core is formed by omitting a hole at the period array of air
holes, has attracted great attention because of its extremely
high degree of freedom in structural design. It is gener-
ally fabricated via stacking and drawing technique, which
makes the realization of a multicore PCF (MCPCF) read-
ily [25], [26]. Compared with traditional MCF, MCPCF can
easily achieve small core-to-core pitch and custom number of
cores by rationally designing the size, number and location
of holes [27], [28]. Besides, properly designed MCPCF can
provide large mode area, low bending loss and high nonlin-
earity [29], [30]. Thus, filters based on MCPCF are widely
studied to achieve high performance DW-EDFL. A switch-
able and stable DW-EDFL based on a twin-core PCF filter
was constructed with the SMSR of ~40 dB [31]. A stable and
tunable DW-EDFL was demonstrated by using a twin-core
PCF filter, in which the SMSR was improved to 45 dB with
a fixed wavelength interval [32]. Previous reports showed
that broad tunable range, flexible dual-wavelength interval
and high SMSR are crucial factors of DW-EDFL in realizing
tunable microwave, wide-range terahertz wave [1, 33]. How-
ever, there are few works can achieve multiple sets of tunable
and stable dual-wavelength lasing output with broad tunable
range and high SMSR simultaneously.

B. MOTIVATIONS AND CONTRIBUTIONS

In this paper, multiple sets of dual-wavelength tunable EDFL
by using tapered triple-core photonic crystal fibers (TCPCF)
based filter was investigated. Compared with previous works,
there are two main differences that are stressed as fol-
lows. Firstly, the mode coupling characteristics based on the
tapered MCF are analyzed and used to construct filters to
select lasing wavelengths. Secondly, the effect of different
waist diameters on the tunable performance of lasing output
based on tapered MCEF filter is theoretically studied and
experimentally verified.

The following are the main contributions of this paper:
(1) By analyzing the effect of different taper diameters on the
mode coupling of a TCPCF filter, we obtained its effect on
the tunable range of a multi-wavelength laser based on such
TCPCEF filter. A series of experiments have been conducted,
which are consistent with the simulation results. (2) Multiple
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sets of tunable dual-wavelength lasing outputs with differ-
ent wavelength intervals are implemented by using tapered
TCPCEF filters. Among them, the maximum tunable range
can reach up to 14.36 nm with the SMSR of higher than
52 dB. (3) The laser can also realize tunable single- and triple-
wavelength lasing outputs. The tunable single-wavelength
lasing has good linearity with applied strain and can be used
to realize a highly sensitive strain sensor with the sensitivity
of —13.1 pm/ue.

Il. THEORETICAL ANALYSIS

A. FABRICATION OF THE TAPERED TCPCF FILTER

The tapered TCPCF filter as shown in Fig.1(a) is fabricated
via fusion splicing a 2.5 cm long TCPCF between two seg-
ments of single-mode fiber(SMF); then tapering the middle
region of TCPCF down to the designed diameter. The home-
made TCPCF was fabricated based on the Heraeus F300 silica
glass tube, which can be drawn consistently with the length
of several kilometers. The cross-section image of TCPCF is
shown in Fig.1(b). Three cores are arranged in an equilateral
triangle with a core diameter of 5.8 um and a core distance
of 8.5um. Air holes are periodically arranged in a triangular
array with a hole diameter of 4 um and the pitch between
two adjacent holes of 4.9 um. The fiber has an outer diameter
of 144 £ 0.5 um.

(a) (b)
— el —_ g
He——TN——

> | e—————>|—>]
SMF  Tapered TCPCF SMF

FIGURE 1. The schematic diagram of the tapered TCPCF filter (a) and the
cross-section of the homemade TCPCF (b).

A commercial splicer (Fujikura, FSM-100M) is used to
splice one end of TCPCF with SMF using the core-to-core
splice mode built in the machine. At the other end of TCPCF,
we use the splice method depicted in [16] to monitor the
output power in real-time. When it gets maximum, the lead-
in and lead-out SMFs are aligned to the same core of TCPCF.
Then a manual splice mode is used to splice this end of
TCPCF with lead-out SMF. To minimize the collapse of air
holes during splicing, we optimize the fusion parameters.
The degree of collapse can be evaluated by tracking the
changes of output power and the glitches in the transmission
spectrum because the collapse of air holes will excite multiple
cladding modes, resulting in a reduction of output power and
an increase of glitches in the spectrum [34]. The results show
that the smallest collapse of air holes can be obtained with
the arc power of —60 bit and the fusion time is 400 ms.
The transmission spectrum has a small number of glitches
and minimum power loss (~5dB) with this set of splice
parameters.

The fiber taper machine (Shanghai Ou Bo Optoelectronics
Technology Co., Ltd.: OB-612 type) can realize two kinds
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of tapering modes, i.e. flame head scan mode and non-scan
mode. The amplitude of flame-scan, the width of flame head
and the pulling speed are set to half of the taper length, 5 mm
and 2000 pm/s, respectively. Due to the use of a fast tapering
speed and relatively low temperature approach, the size of
the waist area is proportionally reduced and the ratio of
hole diameter to hole pitch keeps nearly constant [34]. The
taper waist measured after tapering is relatively flat under the
flame-scan mode and the waist diameter for 1000 wm and
2000 pum long tapers are 136 um and 130 pum, as shown
in Fig.2 (a-b). Under the non-scan mode, the taper waist has
a parabolic shape with a smaller waist diameter of 126 um
and 121 um compared with the flame-scan mode at the same
taper length, as shown in Fig.2 (c-d).
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FIGURE 2. Four tapered TCPCFs with the waist diameter of 136 um (a),
130 um (b), 126 um (c), 121 xm (d) under different taper mode.

B. MODE-COUPLING MECHANISM IN THE

TAPERED TCPCF FILTER

This homemade TCPCF mainly supports three fundamen-
tal super-modes, each of which has two orthogonal linear
polarizations. The mode profiles of three fundamental super-
modes are calculated by a full vector finite-element method,
as shown in Fig.3. Super-modes have different propagation
constants just like modes in standard multimode fibers. Inter-
ference would appear between the super-modes with the same
polarization state and thus results in the light power coupling
among three cores [31]. According to mode-coupling theory,
the coupling among three cores results in a periodic trans-
mission spectrum and satisfy the following coupled-mode
equation,

41 Bo ¢ ¢ e
o= | ¢ Bo ¢ e (D
e ¢ c  Bo e3

where e; is the amplitude of the electrical field of the i-th core,
Bo is the propagation constant of the mode in the isolated
core, C is the coupling coefficient, which can be calculated
by using the method mentioned in Ref. [35] Assuming that
light is injected into the g-th core at z = 0 and the output
power of the i-th core, P;(z) is expressed as

2 2
— — —cos(3C2z),

i#q
P =e@-e@=12 )
5 + ) cos(3Cz), i=gq
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FIGURE 3. The mode profiles of three fundamental super-modes at the
wavelength of 1550 nm, in which the number representing the mode
order and the letter (“e” or “0”) represent the two polarizations. The
arrows indicate the directions of the electric fields.
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FIGURE 4. The periodic transmission spectrum of the filter before
tapering.

It is known that the coupling coefficient varies linearly with
wavelength. Thus, a periodic transmission spectrum can be
obtained, as shown in Fig.4. The power dips in the trans-
mission spectrum appear when the phase condition satisfies
3Cz = (2m + 1) (m is an integer) and the corresponding
wavelength is
_ Cm+ D
m="—5co 3
JEIE
The ratio of the coupling coefficient to wavelength ac()‘)
is a constant (K) [36]. Thus the period of the transmlsswn
spectrum, which is defined as the Free Spectral Range (FSR),
can be calculated by
2
3z-K

To investigate the effect caused by taper on coupling spec-
trum, the varying of coupling coefficients as a function of
wavelength for tapered TCPCFs with different waist diame-
ters are shown in Fig.5. As waist diameter increases, the cou-
pling coefficient at the longer wavelength increases more
significantly than the shorter wavelength. The high coupling
coefficient is a result of the enhanced mode coupling, indi-
cating that the output power of coupling spectrum further
improved at long wavelength region. On the other hand,
the slope shown in the table in Fig.5 is the ratio (K) and it

FSR =

“

121835



IEEE Access

Z. Tang et al.: High Performance Tunable DW-EDFL Implemented by Using Tapered TCPCF

X Waist Diameter=144um
35000 A waist Diameter=136pum
O Waist Diameter=130um
30000 | % Waist Diameter=126um
O Waist Diameter=121pum
25000
E 20000
Q
15000 B Waist Diameter Slope R ;
(pm) (mlnm't) | ROS4UATe
144 356 | 0.992
10000 136 374 0.996
130 39.1 0.99
126 434 0997
5000 121 44.6 0.996
I} A 1 A 1 A 1 N 1 N 1 N 1

1200 1300 1400 1500 1600 1700 1800
Wavelength (nm)

FIGURE 5. Linear fit of coupling coefficient versus wavelength under
different waist diameters.

increases as the taper waist decreasing. According to Equa-
tions (2), the dip-wavelength (1) shifts towards shorter
wavelength direction as the ratio (K) increases. While the
transmission spectrum drifts towards the shorter wavelength
direction, the coupling in the long wavelength region is fur-
ther enhanced. This indicates the transmission spectrum after
tapering has some extension in both directions compared with
the transmission spectrum of un-tapered TCPCF. The taper
with a waist diameter of 126 um has the highest coupling
coefficient at a fixed wavelength.

When an axial strain is applied to the tapered TCPCEF filter,
the dip in the transmission spectrum will shift in terms of the
following equation.

Al = —Am-€-[W+1] 4)

Here, A)p is wavelength shift, € is unit strain that can be
calculated by using the moving step length of strain device
(every 10 um) divided by the distance between the two fixed
ends of the tapered TCPCF filter (/) and W is a positive
structure factor determined by the fiber structure. It is obvious
that the dip in the transmission spectrum will shift towards the
shorter wavelength with the applied strain.

C. TRANSMISSION SPECTRUM OF THE

TAPERED TCPCF FILTERS

The transmission spectrums are measured for TCPCF filters
before and after tapering as shown in Fig.6. At 1540-1550 nm
and 1560-1580 nm, the spectrums after tapering have rel-
atively high extinction ratio and clarity, which is consis-
tent with our theoretical analysis. The FSR of the tapered
TCPCF is smaller than that of TCPCF without tapering.
This is because the mode coupling enhanced after tapering
and the coupling coefficient increased. However, there is
slight difference in terms of FSR in the highlighted region,
which may because the inter-core coupling relies on phase
matching between modes in the different cores and can there-
fore also be affected by possible phase shifts arising from
slightly different propagation velocities of the modes in the
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FIGURE 6. The transmission spectrum of the four tapered TCPCF filters
with different tapered mode.

different cores [37]. When the taper length exceeds 2000 pm,
the extinction ratio and clarity of the spectrum decline, and
the effective spectral width for exciting lasers decrease. Thus
we only show the results with taper length smaller than
2000 pm.

Ill. EXPERIMENTAL SETUP AND RESULTS

A. EXPERIMENTAL SETUP

A ring laser is constructed by using the tapered TCPCF filter,
as shown in Fig.7. The 980/1550 nm wavelength division
multiplexer (WDM) is used to couple 980 nm pump source
entering the erbium-doped fiber (EDF) and EDF serves as a
gain medium. The used EDF with an absorption coefficient
of 7 dB/m at 1531 nm has an optimized length of 10 m,
which ensures the flatness and relatively high gain of its
gain spectrum over 1565 nm. The isolator (ISO) is a single-
mode isolator with a center wavelength of 1550nm (ic) and
has low forward insertion loss (<0.4 dB, Ac &+ 20nm) and
high reverse isolation (> 30dB, Ac £ 15nm). It can prevent
backscattered light and parasitic laser from transmitting back
to the pump source. As a key device in the laser cavity,
polarization controller (PC) can adjust the light polarization
in the ring cavity. The lasing output is monitored by using an
optical spectrum analyzer (OSA) with a resolution of 0.02 nm
through the 10% port of the 90:10 coupler.

B. THE MODE SELECTION MECHANISM

IN THE LASER OPERATION

TCPCF supports multiple fundamental super-modes, each of
which has two orthogonal polarization states. Interference
would appear between the super-modes with the same polar-
ization state and results in the light power coupling among
three cores [36]. This makes the gain spectrum of EDF into a
comb-like spectrum with periodicity. By adjusting the states
of the PC, the polarization state of incident light entering the
TCPCF changes. Due to TCPCF filter is polarization depen-
dent, its transmission functions are changed by incident light
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PC Filter

FIGURE 7. Schematic diagram of the ring cavity laser based on the
tapered TCPCF filter.

with different polarization states [38]. Thus the polarization
hole burning (PHB) effect can be achieved, which can greatly
reduce homogeneous gain broadening of EDF and achieve
multi-wavelength lasing outputs [39]. The peak wavelengths
in the comb-like spectrum corresponding to high gain are
easier to generate lasing outputs. However, only those peak
wavelengths can form laser oscillation that the gain at the
wavelength is greater than the loss it experiences [37].

C. MULTIPLE SETS OF TUNABLE

DUAL-WAVELENGTH LASERS

When the first two coils of the PC are at an angle of 45°
or 90°, rotating the third coil can achieve dual-wavelength
lasing outputs with different intervals. However, continuously
tunable dual-wavelength lasing outputs with a fixed wave-
length interval could not achieve only through PC adjustment.
To achieve continuous tunable lasing output, the position of
PC is fixed and strain is applied to tapered TCPCEF filter by
putting the filter on the strain test device in Fig.8(a). One of
the holders is fixed and the other holder is free to move to
apply strain. The two ends of the filter are fixed into the two
grooves by using super glue to prevent the fiber slide from the
holders. The distance between two fixed points is 4 cm and
the strain precise is 250 ue.

Fig. 8(b-f) shows tunable dual-wavelength lasing outputs
with a wavelength interval of 2-FSR. The output laser drifts
towards the shorter wavelength direction continuously as the
increase of strain. The tunable range for lasers based on
un-tapered TCPCF (b) and tapered TCPCFs with the waist
diameter of 136 um (c), 130 um (d), 126 um (e), 121 um
(f) are 6 nm, 10.2 nm 10.76 nm, 14.36 nm and 10.22 nm,
respectively. The maximum range of 14.36 nm is two times
greater than that of the un-tapered TCPCF filter. This is
mainly because the taper improves the comb characteristics
of the transmission spectrum at L-band. The SMSR of the
dual-wavelength lasers is further increased from 42 to 52 dB
after tapering. This is attributed to the fact that the taper
reduces the core size and the optical mode field area, which
in turn leads to an increase in light intensity. Therefore,
the extinction ratio of the transmission spectrum and the
SMSR of the lasing output increase.
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FIGURE 8. The strain tuning device (a). Tunable dual-wavelength lasing
output of EDFL based on un-tapered TCPCF (b) and tapered TCPCFs with
the waist diameter of 136 um (c), 130 um (d), 126 um (e) and 121 um
(f) when the peak wavelength intervals is 2-FSR.

However, the tapered TCPCEF filters can be used to sup-
press the mode competition but could not eliminate it. Gain
competition still exists in the two peaks whose wavelength
interval equals to the FSR in our experiment. During the
tuning process, one of the two peaks will disappear or the
third lasing line will appear. As the wavelength interval
increases to 2-FSR, the stability of the output laser improves.
This phenomenon has appeared in previous literature, which
shows that wide wavelength intervals have relatively high
stability [40], [41]. The relationship between the transmis-
sion spectrum and dual-wavelength lasing outputs during
the tuning process is shown in Fig.9. Lasers are excited at

L Transmission Spectrum 250 pe
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FIGURE 9. The relationship between transmission spectrum and

dual-wavelength lasing output during the tuning process. The applied
strain are 0 pe (a), 250 ue (b), 500 we (c) and 750 e (d), respectively.
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the peak wavelength in the transmission spectrum of the
filter. The tuning step and tuning range of output lasing are
consistent with that of the transmission spectrum. Moreover,
the dual-wavelength interval keeps unchanged during the
tuning process.

Tapered TCPCFs with the same taper length but different
taper modes achieve different tunable performance. A per-
formance comparison for the wavelength interval of 3 to
4-FSR is summarized in Table 1. The tuning range and
SMSR of tapers under non-scan mode are higher than that of
frame-scan mode, which indicates the tapered TCPCF filter
made by non-scan mode is more conducive to obtain good
tuning characteristics. This is because the non-scan mode can
achieve a thinner waist area under the same taper length.
The mode coupling of the waist region is further enhanced,
thereby increasing the gain of the output laser and widening
the tunable range of the output laser. To get the optimal taper
length under non-scan mode, a series of tapered TCPCFs with
different taper lengths are fabricated with a length interval
of 200 um and tested as shown in Fig.10. As the taper length
increases, the tunable range and the SMSR of lasing out-
puts increase first and then decrease. When the taper length
increases to 1000 wm, this improvement reaches a peak.
At this point, we get the best taper length under non-scan
mode is 1000 um and the corresponding waist diameter is
126 pm. This is consistent with our simulation results. This
taper has the highest coupling coefficient and a high K value,

TABLE 1. Tuning performance of dual-wavelength lasers with wavelength
interval of 3-FSR and 4-FSR.

Taper parameter

Tunable range (nm) SMSR (dB)
Taper Mode  Taper Waist
Length Diameter 3-FSR 4-FSR 3-FSR  4-FSR
(um) (um)

Non-taper 0 144 6.34 4.02 >45 >42
Flame-scan 1000 136 8.14 5.98 >48 >47
Flame-scan 2000 130 9.56 7.36 >49 >48
Non-scan 1000 126 12.68 10.96 >52 >52
Non-scan 2000 121 10.28 9.02 >49 >50

54

Tunable range

14.36 nm, 52dB/>\0 —O— SMSR F52

\<>-<>—<>—<>\ 50
48
g
/<> -46 =
n
P F44 =
/ n

o= -42

-40

No—o
T 38

0 500 1000 1500 2000 2500 3000

Taper Length (um)

FIGURE 10. Under non-scan mode, the tunable performance of lasers
with different taper lengths.
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so the transmission spectrum has high extinction ratio and
wide comb spectrum. The output laser has a good consistency
with the transmission spectrum, so the laser output perfor-
mance with this taper is the best.

In addition to 2-FSR, the dual-wavelength laser output with
a wavelength interval of 3-FSR and 4-FSR realized by this
optimal taper also shows a wide tuning range of 12.68 nm
and 10.96 nm as shown in Fig.11. However, the tunable
range reduces with the increase of the dual-wavelength inter-
val. This is because within the gain bandwidth of the EDF,
the lasers can be generated within a certain wavelength range,
which is determined by the filter. Within this wavelength
range the larger the dual-wavelength interval, the smaller the
tunable range.

— 1551.64/1566.88 nm
1553.5/1558.5 nm
— 1555.26/1560.22 nm
1557.78/1562.76 nm
— 1559.64/1564.46 nm
1561.9/1566.24 nm
|—1564.32/1569.6 nm

1550 1555 1560 1565 1570

‘Wavelength (nm)
(a)

——1551.28/1557.32 nm
1553.5/1559.82 nm
—— 1555.42/1561.82 nm
1557.94/1565.38 nm
—— 1560.4/1566.6 nm
1562.24/1568.74 nm

Output Power (dB)

1550 1555 1560 1565 1570

Wavelength (nm)
(b)

FIGURE 11. Tunable dual-wavelength lasers with the wavelength interval
of 3-FSR (a) and 4-FSR (b).

D. STABILITY INVESTIGATION
The stability of the lasing output at room temperature is
explored by scanning the lasing output every 20 minutes’
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FIGURE 12. Peak wavelength shift (a) and peak power fluctuation (b) of
dual-wavelength lasing output with a wavelength interval of 2-FSR.

interval for 4 hours as shown in Fig.12. The peak wavelength
and peak power of dual-wavelength lasing outputs with a
wavelength interval of 2-FSR are monitored. The stability
of the lasing output decrease as the taper waist diameter
decrease. Although the taper reduces the stability of las-
ing output, there exists stable mode-coupling in the tapered
TCPCE. The peak wavelength shift of each peak wavelength
is less than 0.04nm. The peak power fluctuation at two peak
wavelengths is less than 0.75 dB. This ensures the stability
of the tapered TCPCF based lasers still meets the needs of
practical applications. Besides, due to the homemade TCPCF
is composed of pure silica, which has a low thermo-optic
coefficient. Thus the laser we proposed has favorable tem-
perature stability.

IV. DISCUSSION

A. TUNABLE SINGLE-WAVELENGTH LASING OUTPUT
When the first two coil planes of the PC are kept parallel
and the third coil is rotated, single wavelength lasing output
at different positions can be achieved. The tunable lasers
are achieved using the strain device mentioned before as
shown in Fig.13. The SMSR of all lasing output is higher
than 52 dB. The tunable range for lasers based on tapered
TCPCEF with the waist diameter of 136 um, 130 um, 126 pum,
121 pm are 17.56 nm, 19.02 nm, 22.22 nm and19.68 nm,
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FIGURE 14. Linear fitting of single-wavelength laser with strain.

respectively. The tunable range is slightly higher than that
of dual-wavelength. This is because at the edge of the gain
bandwidth, the gain is relatively low. It is not enough to
support the simultaneous output of lasers of two wavelengths
because two lasers share gain at the same time.

A linear fit of the wavelength shift as a function of
strain are shown in Fig.14. The slopes that represent the
strain sensitives of four kinds of the tapered TCPCF sen-
sors are —11.45 pm/pe, —12.85 pm/pne, —12.87 pm/pe, and
—13.1 pm/pe, respectively. The maximum strain sensitivity
of —13.1 pm/p¢ is higher than most of the fiber strain sensors
reported in recent years. In addition, the output laser has high
linearity with the applied strain, which indicates that this laser
owns great application value in strain measurement.

B. TUNABLE TRIPLE-WAVELENGTH LASING OUTPUT

When the coils on both sides are at an angle of 180° and
the center coil is rotated, triple-wavelength lasing output at
different positions can be achieved. The tunable laser based
on tapered TCPCEF filter with a waist diameter of 126 m can
also generate tunable triple-wavelength lasing output with the
wavelength interval of FSR to 3-FSR as shown in Fig.15. The
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interval of FSR (a), two times the FSR (b), three times the FSR (c).

tunable range are 8.08 nm, 6.18 nm and 4.38 nm, respectively.
The SMSR of all lasing output is higher than 40 dB.

V. CONCLUSION

We proposed and experimentally demonstrated a multi-group
dual-wavelength tunable EDFL by using the tapered TCPCF
filters. The effect of the taper on the tunable characteristics of
the laser is analyzed in theory and verified by making multiple
sets of tapered TCPCF filters experimentally. Experimental
results show that tapering 1000 um long TCPCF by using
non-scan mode can achieve the best tunable characteristics.
Four kinds of tunable dual-wavelength lasers with different
wavelength intervals can be obtained with the maximum
tunable range of 14.36 nm. The lasing output shows good
wavelength and peak power stability. In addition, tunable
single-wavelength and triple-wavelength output lasing are
also achieved. Three kinds of tunable triple-wavelength lasers
are obtained with the maximum tunable range of 8.08 nm.
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Tunable single-wavelength lasing output exhibits high linear-
ity with the applied strain, which has potential application
value in the strain sensing area.
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