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1. Introduction

In recent years, the multi-wavelength fiber laser has been practi-
cally used in many fields due to its excellent performance!’ . In
order to adapt to the requirements of different environments,
the output of the laser needs to be more flexible. Thus, the output
characteristics of multi-wavelength fiber lasers, such as wave-
length number, wavelength output, and wavelength interval of
multi-wavelength fiber lasers, are worth being investigated'®..
Based on the above description, researchers have tried many
methods!>®).

Tunable fiber lasers can usually be implemented by using
comb filters based on the principle of fast and slow axis interfer-
ence, such as Sagnac filter and Lyot filter. In 2004, Song et al.
used a Sagnac filter to make a self-seeded Brillouin scattering
laser. The tuning range of the laser can be 14.5 nm”!. After that,
Gao et al. extended the tuning range of the output wavelength to
37 nm'®). But, the flexibility of the output wavelength is not
enough. Considering the discrete wavelength selectivity of the
fiber Bragg grating (FBG), Liu et al. cascaded mismatching
long-period fiber gratings (LFPGs) and comb filters to obtain
switchable and tunable wavelength output!®’. However, with
the increase in the number of FBGs, the insertion loss and com-
plexity of the laser system are getting higher, and the FBGs are
easily damaged in applications. In 2017, Li et al. demonstrated
an erbium-doped fiber laser (EDFL), which is composed of a
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A tunable multi-wavelength erbium-doped fiber laser with precise wavelength interval control is reported theoretically and
experimentally in this paper. It is made up of a Mach-Zehnder interferometer (MZl) filter and a Sagnac filter and supple-
mented by the four-wave-mixing effect. Compared with other filters, the proposed MZI filter based on the fused taper
technology can change the wavelength interval more flexibly. The experiment result shows that wavelength tuning can
be achieved, and the tuning range can reach ~15 nm. Moreover, the variation in the number of wavelengths is also realized.
The maximum side-mode suppression ratio can reach 39 dB.

Keywords: erbium-doped fiber laser; fused taper technology; wavelength interval.

Lyot filter and a nonlinear optical loop mirror (NOLM)!.
The output of the laser has both switchability and tunability.
The output wavelength is up to 12 wavelengths, but the tuning
range is only 8 nm. Zheng et al. cascaded the self-made filter with
a Sagnac loop to obtain switchable and tunable output!®).
However, the change of the wavelength interval in the laser
structure mentioned above is either difficult to achieve or has
great randomness. In the past, many methods have been pro-
posed to realize the change of wavelength interval. Wang et al.
proposed a novel switchable multi-wavelength fiber laser based
on a Lyot-Sagnac comb filter, and two fixed wavelength inter-
vals were obtained!""). Then, a three wavelength intervals tuna-
ble multi-wavelength fiber laser was proofed by Wang et al.!'?.
The filter used in the laser is composed of two sections of polari-
zation maintaining fiber (PMF). In addition, researchers have
also used parallel dual Lyot filters'"*), polarizing beam splitter
(PBS)-based two-stage cascaded Mach-Zehnder interferometer
Mzt optical variable delay line (OVDL)!">!® etc. to obtain
wavelength output with adjustable intervals. However, it should
be noted that most of the structures cannot achieve wavelength
tuning and wavelength interval adjustment at the same time, as
well as the change of wavelength number.

In this paper, a tunable multi-wavelength EDFL with precise
wavelength interval control is proposed. It is proved theoreti-
cally and experimentally that the comb filter has a controllable
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wavelength interval by using taper technology on one arm of ~ outputl and output2 are shown in Eq. (1)*). Among them, 1
the MZI. By inserting the proposed MZI filter into the EDFL,  is the working wavelength, and the length difference between
the stable laser outputs with the wavelength intervals of  the two optical paths in MZI filter is expressed by AL. n is

1 nm, 0.7 nm, and 0.5 nm are obtained in the experiments.  the effective refractive index of the SMF, which can be set as
Furthermore, the change in the number of output lasers and 1.45 according to the actual situation. Moreover, ¢ represents
wavelength tuning can also be realized. The side-mode suppres-  the linear phase shift. Because of the choice of parameters in
sion ratios (SMSRs) of the outputs are larger than 35 dB.  simulation and experiment, the influence of nonlinear phase

Compared with other methods, the output characteristics of  shift can be ignored. Therefore, Eq. (1) is only an expression
the structure, such as the tunability of wavelength interval  for linear phase shift. According to Eq. (2), the adjacent interval
and the switchability of wavelength number, have been greatly ~ of the output wavelength can be calculated and obtained.
improved. Figure 3 shows the transmission characteristics of the filter
obtained in the simulation, where the wavelength intervals are
1 nm, 0.7 nm, 0.5 nm, and 0.2 nm. The corresponding AL

2. Experimental Setup and Principle between the two arms is 1656 pm, 2367 pm, 3313 pm, and

. o ) 8284 pm, respectively.
The schematic of the proposed fiber laser cavity is shown in

Fig. 1. The 7-m-long erbium-doped fiber (EDF) is used as the 1 27n

gain medium. The model of the fiber is Nufern, EDFC-980- I= 5(1 — cos ), @ =TAL’ (1)
HP, and the maximum absorption coefficient is 6 dB/m!"”). The

3 km SMF is used to introduce the four-wave mixing (FWM). It A?

Al =

- )

can reduce the wavelength competition, thereby the number of
outputs increase!'®). Optical coupler 1 (OC,), polarization con-
troller (PC,), and 0.3 m PMF form the Sagnac loop located on Figure 4 shows the taper platform required to realize the
the left side of the laser. The right part is the proposed MZI filter, =~ wavelength interval adjustment of the MZI transmission
which is theoretically analyzed and simulated as follows. OC,
and PC, are utilized to compose the resonant cavity of the laser.

12} ——aAd=1nm — — Ai=0.7nm|4

One port of OC, is employed to measure the characteristics of im——— ——
the output wavelengths. Besides, the spectral analyzer applied in 1.0 : :
. . | o

the experiment has a resolution of 0.05 nm. S osl

go.

0

E 06}
2.1. Characteristics of the Mzl filter E ik
Figure 2 is the schematic diagram of the proposed MZI filter " oo2
used in the experiment. Different from the common MZI filters, ol ! AV
one arm of the proposed filter is composed of a tapered fiber 15550 15555 1556.0 15565 1557.0
obtained by tapering. The transfer functions of the filter at Wavelength{nm)

‘‘‘‘‘‘ DN Fig. 3. Simulation of the transmission spectra of the MZI filter when the wave-
4 @ length intervals are 1 nm, 0.7 nm, 0.5 nm, and 0.2 nm.
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Fig. 1. Schematic diagram of the tunable and wavelength interval controlled “B5 heating

EDFL using the proposed MZI filter.
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Fig. 2. Schematic diagram of the proposed MZI filter composed of tapered
fiber. Fig. & Camera image of the taper platform and the taper fiber.
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Fig. 5. Measurement of transmission of the MZ| filter when the wavelength
interval is (a) 1 nm, (b) 0.7 nm, (c) 0.5 nm, and (d) 0.2 nm.

spectrum. One arm of the MZI filter is fixed on two translation
stages (Stage, and Stage,), which is heated and stretched by oxy-
hydrogen flame. During the stretching process, the two transla-
tion stages move outward, and the moving range can be set
according to the calculation results'"”). This method greatly
improves the flexibility of adjusting the wavelength interval.
In theory, any value of the wavelength interval can be obtained.

In order to verify the reliability of the simulation, one arm of
the MZI filter is tapered according to the calculation results, and
the tapered length is consistent with the AL in the simulation.
The SMF used in the filter is G.652. The distance between the
two stages of the taper platform is 21 mm, which means that
the 21-mm-long SMF is tapered. The diameter of the SMF
gradually changed to 8.66 pm, 8.4 pm, 8.36 pm, and 7.6 pm with
the increase of taper length. The fiber is easy to break when the
two stages are too close, and the taper will produce a large error
when the distance is too large. The transmission of the MZI filter
is shown in Fig. 5. The wavelength intervals are 1 nm, 0.7 nm,
0.5 nm, and 0.2 nm, respectively, which are the same as the sim-
ulation results. With the increase of the taper length, the loss of
the filter increases from 4.6 dB to 7.5 dB.

2.2. Principle of the cascaded filter

When the wavelength interval is determined, the Sagnac filter
starts to select the output wavelength because of its large
envelope, so that wavelength tuning and number switching
can be realized. The principle of the cascading MZI filter and
Sagnac filter is shown in Fig. 6, where Gain Profile (0) and
Gain Profile (1) are the spectra of the Sagnac filter. Gain
Profile (2) is the spectrum of the MZI filter with wavelength
interval of 0.5 nm. According to the principle of the laser, when
the gain in the cavity is greater than the loss, laser output is pro-
duced. By adjusting the PCs in the Sagnac filter to tune the out-
put profile, if Gain Profile (0) appears, lasings at A;, 1,, and A5 are
generated. Continuing to adjust the PC, the output spectrum
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Fig. 6. Principle of the cascading Mzl filter and Sagnac filter.

becomes Gain Profile (1), and A4, A5, Ag, and A, are emitted.
On the other hand, when the gain profile is fixed, wavelength
switching can be achieved by adjusting PC,. As shown in
Fig. 6, it is assumed that the initial gains at 4, 4,, and 45 are large
enough to output the laser. However, adjusting PC, will change
the polarization hole burning effect (PHB) in the laser cavity,
which may change the loss and gain of certain wavelengths.
When the loss is greater than the gain, the lasers cannot be out-
put, which will eventually lead to a change in the number of out-
put wavelengths!'”2*2!],

3. Experimental Results and Discussions

In the experiment, the two arms of the MZI filter are with the
same length initially. Then, one of the arms is tapered by the
tapered platform according to the set length. It can be seen from
Section 2 that the wavelength interval of the outputs is deter-
mined by the taper length. When the pump power is 200 mW,
the cascaded filter selects the wavelength and closely cooperates
with the FWM, and a variety of lasing states can be generated.
Figure 7 shows the spectra of the output wavelengths, in which
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Fig. 7. Spectra of the output wavelengths when the wavelength interval is
1nm: (a) quadruple, (b) quintuple, (c) sextuple, and (d) septuple wavelengths.
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quadruple, quintuple, sextuple, and septuple wavelengths can be
obtained by adjusting PC,. Since the taper length is set to
1656 pm, the wavelength interval is 1 nm.

Due to the existence of the Sagnac filter, the output wave-
length can be tuned in a certain wavelength range when PC,;
is adjusted properly. Figures 8(a), 8(b), and 8(c) are the tunable
spectra of the quadruple, quintuple, and sextuple wavelengths
with a tuning step of ~1 nm. The maximum tuning range is
~15nm. Theoretically, there should be wavelength outputs
for each step in the tuning range. However, due to the character-
istics of the amplified spontaneous emission (ASE) spectrum of
the EDF, PHB, laser cavity loss, etc., the experimental results
cannot be completely the same as the theory. At the same time,
it is found that the tuning range decreases with the increase of
the number of output wavelengths. If the gain range and gain
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Fig. 8. Tunable output spectra of the proposed EDFL: (a) quadruple, (b) quin-
tuple, and (c) sextuple wavelengths.
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Fig. 9. Spectra of the output wavelengths when the wavelength interval is
0.7 nm: (a) quintuple, (b) sextuple, (c) septuple, and (d) octuple wavelengths.
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coefficient of the EDF are expanded, the tuning range of the
wavelength will be increased.

By slowly moving Stage, and Stage,, the length difference
(AL) between the two optical paths of the MZI is increased to
2367 pm, and the wavelength interval becomes 0.7 nm, which
are shown in Fig. 9. The figure shows the spectra of quintuple,
sextuple, septuple, and octuple wavelengths. When the tapering
continues, AL becomes 3313 pm, and the output wavelengths
are shown in Fig. 10 with the wavelength interval of 0.5 nm.
The maximum number of wavelengths is eight. The maximum
SMSR is 39 dB. Considering that if the length of the taper is
too long, the fiber will be too thin and easily damaged, so the
wavelength interval is not further reduced. Nevertheless, the
mentioned wavelength intervals have been suitable for applica-
tion in wavelength division multiplexing (WDM) systems.
Wavelength tuning can also be achieved when the wavelength
intervals are 0.7 nm and 0.5 nm. However, the randomness of
the output is greatly increased. If the polarization states in the
laser cavity can be better controlled, the results should be
improved.

The stability of the proposed tunable multi-wavelength EDFL
is verified by recording the output spectra every 5 min.
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Fig. 10. Spectra of the output wavelengths when the wavelength interval is
0.5 nm: (a) sextuple, (b) septuple, and (c) octuple wavelengths.
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Figures 11(a) and 11(b) are the wavelength outputs and power
measurements of sextuple wavelengths with a wavelength inter-
val of 1 nm in 50 min. It can be seen from the figure that the
maximum wavelength shift and power fluctuation are less than
0.25 nm and 2.5 dB, respectively. The experimental results show
that the proposed laser has good stability. The intense wave-
length competition and external interference in the laser cavity
make it difficult to maintain long-term stable output at septuple
wavelengths and octuple wavelengths'>'?!. The stability can be
improved by placing the EDFL on the anti-interference optical
platform or using a highly nonlinear fiber instead of an SMF to
reduce the cavity length*>??),

4. Conclusions
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