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Abstract: In this investigation, we propose and demon-
strate experimentally tunable and stable dual-wavelength er-
bium doped fiber (EDF) double-ring laser scheme using dif-
ferent coupling losses inside cavity loop for wavelength and
mode spacing tuning. Besides, a shorter unpumped EDF is also
used to filter the side-modes for lasing wavelength in single-
longitudinal-mode (SLM) operation. However, the output mode
spacing of dual-wavelength could be limited owing to the ho-
mogeneous broadening nature of EDFE. As a result, the output
performance of the proposed fiber laser have also been ana-
lyzed and discussed, such as wavelength tuning range, output
power, side-mode suppression ratio (SMSR), stabilities of las-
ing wavelength and power, relative intensity noise (RIN), etc.
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1. Introduction

Recently, multi-wavelength erbium-doped fiber (EDF)
lasers have been widely investigated [1-5]. This is because
the multi-wavelength fiber ring lasers are important light
source with high potential applying in several applications,

which are used in fiber sensing network, optical instrument
testing, optical signal processing, and wavelength division
multiplexed (WDM) networks [6-9].

However, the homogeneous gain broadening of nature
EDF could result in wavelength competition. Many stud-
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Figure 1 (online color at www.lphys.org) Experimental setup
for the proposed EDF laser structure

ies have been proposed by using optical filters inside the
fiber ring cavity for generating single frequency or multi-
wavelength output [8—13]. Hence, several technologies of
dual-wavelength fiber ring lasers have been reported, such
as using a coupled-ring scheme with fiber gratings, uti-
lizing arrayed waveguide grating (AWG), using intracav-
ity loss optimization or Sagnac loop loss designs, em-
ploying a twin-peak reflection grating inside fiber cavity,
etc. [10-17]. And then, to obtain broadband tuning range
for dual-wavelength lasing, high-birefringence fiber loop
mirror has also been reported [18]. Besides, employing
self-injected Fabry-Pérot laser diode (FP-LD), using dis-
tributed feedback laser diode (DFB-LD) with fiber Bragg
grating (FBG), and utilizing optical filter to generate wave-
length output have also been proposed and analyzed [19—
22].

In this study, we propose and demonstrate an EDF
laser by using double ring cavities, two tunable band-
pass filters (TBFs) and a shorter length of unpumped EDF
to achieve stable and tunable dual-wavelength output in
single-longitudinal-mode (SLM). Due to the gain compe-
tition of EDF nature, it would result in the mode-spacing
change when the dual-wavelength lasing in different out-
put band. Hence, we also employ the different coupling
loss inside loop cavity to discuss and analyze the output
characteristics for the mode-spacing of dual-wavelength.
Moreover, a shorter EDF in the laser scheme can be used
to serve as the saturable-absorber filter for filtering other
side-modes for SLM operation. Here, the wavelength tun-
ing range of the proposed dual-wavelength laser is dis-
tributed at 1524.35 to 1566.25 nm. And the minimum and
maximum mode-spacing of dual-wavelength are measured
at9.2and 41.9nm, 0.9 and 11.1 nm, and 0.7 and 13.35 nm,
respectively, when the coupling losses are 10, 30, and 50%
in cavity loop. Finally, the output performance of the pro-
posed laser has also been performed and discussed.
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Figure 2 (online color at www.lphys.org) Output gain spectrum
of EDFA in the measurement, when the probed power was set at
—20 dBm in the wavelength range of 1524 to 1568 nm

2. Experiment and discussions

The experimental setup for the proposed EDF laser struc-
ture is shown schematically in Fig. 1. The proposed
laser scheme consists of an erbium-doped fiber amplifier
(EDFA), two tunable bandpass filters (TBF), one 2x2 and
50:50 optical coupler (CP), two polarization controllers
(PCs), a variable ratio coupler (VRC), an optical circu-
lator (OC), a 1 m long EDF and reflected fiber mirror
(RFM). The EDFA consisted of a 10 m long EDF, an op-
tical isolators (OIS), a 1550/980 nm WDM coupler (WC),
and a 980 nm pumping laser diode with 76.4 mW output
power. In the experiment, two TBFs are utilized inside the
gain cavity to generate dual-wavelength output. The wave-
length tuning ranges and 3 dB bandwidths of two TBFs
were both 40 nm (1525 to 1565 nm) and 0.4 nm. One band-
pass filter is tuned to lasing then fixed; the other band-pass
filter is scanned for the other lasing wavelength. Besides,
the two PCs were used to adjust the properly polarization
status and obtain maximum output power of lasing dual-
wavelength. Here, two ring cavities are set to be the same
length of nearly 22 m. To achieve the SLM output for the
dual-wavelength, the saturable-absorber filter, which con-
structed by an OC, a 1 m long EDF and a RFM with 99%
reflectivity in C-band window, is employed for signal fil-
tering. This is because that the spatial hole burning (SHB)
effect [23-25] can be observed in this reflection-typed sat-
urable absorber unit, and thus a narrow-band Bragg grat-
ing filter is created. The output spectrum is monitored
and stored by an optical spectrum analyzer (OSA) with
a 0.01 nm resolution. The VRC can be changed from
50:50, 30:70, and 10:90, respectively, to produce the dif-
ferent gain cavity losses for dual-wavelength selection, as
illustrated in Fig. 1. Once the VRC is setup, two TBFs
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Figure 3 (online color at www.lphys.org) Output spectra of
dual-wavelength when the TBF2 (A2) is tuned and shifted to the
shorter wavelengths gradually, and the coupling loss is 50%

are adjusted to scan the lasing wavelength from 1525 to
1565 nm; and the lasing wavelength range is limited by
the gain nature of EDFA used.

So, Fig. 2 presents the gain spectrum of EDFA in the
measurement, when the probed power was set at =20 dBm
in the wavelength range of 1524 to 1568 nm. Here, we
could also obtain the gain value of > 20 dB in the operat-
ing region. In this measurement, first we fix the passband
of TBF; at 1560.35 nm (A1) and then tune the TBF; to
observe the dual-wavelength output when the coupling ra-
tio is set at 50% in “a” point (as seen in Fig. 1). Hence,
Fig. 3 presents the output spectra of dual-wavelength when
the TBF; (\2) is tuned and shifted to the shorter wave-
lengths gradually. We can measure the dual-wavelength
at 1560.35 and 1551.45 nm with 2.2 dB power variation
(AP) first. When the Ay is tuned to the shorter wave-
lengths at 1551.35, 1540.0, 1536.35, and 1533.25, respec-
tively, we also can retrieve the corresponding power varia-
tions of 26.7, 47.9, 49.8, and 51.1 dB, as shown in Fig. 3.
Even though we can observe the dual-wavelength lasing
at the other wavelengths, but the measured AP also needs
to consider. To observe the smaller AP of proposed laser,
the power variation of dual-wavelength will be measured
within 3 dB in the following experiments.

In the proposed laser, we first use the coupling ra-
tio of 50% at “a” point in Fig. 1. Originally, we fixed
the passband of TBF; at the wavelength of 1560.35 nm
(A1). Then, we varied and tuned the passband of TBF;
from 1560.35 nm (\2) to the shorter wavelengths grad-
ually in order to generate different mode-spacing (AN\)
of lasing dual-wavelength. Next, we begin to tune the
fixed wavelength 11 to shorter wavelengths gradually with
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Figure 4 (online color at www.lphys.org) (a) — output spectra of
lasing dual-wavelength with four samples for the proposed fiber
laser in the operating wavelengths under the 50% cavity loss sta-
tus and (b) — observed wavelength locations of two lasing wave-
lengths (A1 and A2) and its corresponding mode-spacing for the
proposed dual-wavelength laser

2 nm tuning step, and then scan the \; to generate the
dual-wavelength output. Hence, Fig. 4a shows the out-
put spectra of lasing dual-wavelength with four sam-
ples for the proposed fiber laser in the operating wave-
lengths under the 50% cavity loss status. Fig. 4b presents
the wavelength locations of two lasing wavelengths (\;
and \2) and its corresponding mode-spacing for the pro-
posed dual-wavelength laser. When the fixed wavelength
A1 is between 1540.35 and 1556.35 nm, we can obtain
two sets dual-wavelength lasing at each \; in this mea-
surement. Besides, we observe that the fixed wavelength
I1 can be tuned in the wavelength range of 1538.35 to
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Figure 5 (online color at www.Iphys.org) (a) — output spectra of
lasing dual-wavelength with four samples for the proposed fiber
laser in the operating wavelengths under the 30% cavity loss sta-
tus and (b) — observed wavelength locations of two lasing wave-
lengths (A1 and A2) and its corresponding mode-spacing for the
proposed dual-wavelength laser

1560.35 nm and the scanning wavelength A\ can be tuned
at the wavelengths of 1533.65 to 1566.20 nm to obtain
dual-wavelength lasing, as seen in Fig. 4b. And the maxi-
mum and minimum mode-spacing are observed at 0.8 and
15.4 nm in the tuning range.

Then, we will change the coupling ratio to 30% at “a”
point in the experiment. Hence, Fig. 5a shows the output
spectra of lasing dual-wavelength for the proposed fiber
laser in the operating wavelengths with four samples un-
der the 30% cavity loss status. Here, Fig. 5b presents the
wavelength locations of two lasing wavelengths (A; and
A2) and its corresponding mode-spacing for the proposed
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Figure 6 (online color at www.Iphys.org) (a) — output spectra of
lasing dual-wavelength with four samples for the proposed fiber
laser in the operating wavelengths under the 10% cavity loss sta-
tus and (b) — observed wavelength locations of two lasing wave-
lengths (A1 and A2) and its corresponding mode-spacing for the
proposed dual-wavelength laser

dual-wavelength laser. Moreover, we accomplish that the
fixed wavelength A\; can be tuned in the wavelengths of
1544.35 to 1562.35 nm with 2 nm tuning step and the
scanning wavelength A, can be tuned in the wavelengths
of 1533.25 to 1565.95 nm, as shown in Fig. 5b. Further-
more, when the fixed wavelength \; is between 1544.35
and 1562.35 nm with 2 nm tuning step, we can obtain
two sets dual-wavelength lasing at the same A; in this
measurement. And we even retrieve four sets of dual-
wavelength outputs while the wavelength A; is fixed at
1558.35, 1560.25, and 1562.35 nm, respectively. Here, the
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maximum and minimum mode-spacing are observed at 0.9
and 11.1 nm in the tuning range.

Next, we change the coupling ratio of 10% in the ex-
perimental setup. So, Fig. 6a displays the output spectra
of lasing dual-wavelength for the proposed fiber laser in
the operating wavelengths with four samples under the
10% cavity loss status. And, Fig. 6b presents the wave-
length locations of two lasing wavelengths (A; and A)
and its corresponding mode-spacing for the proposed dual-
wavelength laser. We observe that the fixed wavelength
A1 only can be tuned at the wavelengths of 1524.35 to
1530.35 nm and the scanning wavelength A\, can be tuned
at the wavelengths of 1533.55 to 1566.25 nm, as shown
in Fig. 6b. In the entire tuning range of fixed wavelength
A1, we obtain two sets dual-wavelength lasing at each
tuned wavelength A;. As shown in Fig. 6b, with the in-
crease wavelength of \; in the operating range gradually,
the measured mode-spacing would also decrease. And the
maximum and minimum mode-spacing are observed at 9.2
and 41.9 nm in the tuning range.

Moreover, we also investigate the stability perfor-
mances of output wavelength and power in the proposed
stable dual-wavelength tuning EDF ring laser. In this ex-
periment, we set the lasing dual-wavelength at 1556.35
(A1) and 1547.40 nm (\2) with —10.0 and —10.4 dBm out-
put powers initially, when the coupling loss is set at 50%
in this laser scheme. So, after 30 minutes observation time,
the measured two lasing wavelengths are no change and
the two observed maximum power variations are within
2 dB under the observing-time. Furthermore, to realize the
performance of SLM output, a self-homodyne measure-
ment is performed. Here, Fig. 7 shows the detected self-
homodyne frequency spectrum of the proposed laser at
the selected wavelength of 1547.40 nm without and with
saturable-absorber filter. If the saturable-absorber filter is
removed in the laser cavity, it would produce a noisy and
unstable output signal due to the mode-hopping effect, as
seen in Fig. 7. The behavior of mode-hopping can be af-
fected by the environment disturbances of temperature and
vibration. Clearly, no beating noises are observed in rel-
ative intensity to noise (RIN) spectrum of the proposed
laser which indicates that single frequency oscillation can
be retrieved. Besides, Fig. 7 shows a stable SLM output
with side-mode suppression in the measuring bandwidth
of 500 MHz. Also after 30 minutes observation time, no
spike noise and stable frequency output are observed in
the radio frequency spectrum of the proposed laser.

As mentioned above, comparing with the experimental
results of Fig. 4 to Fig. 6, they indicate some features. With
the reduction of coupling ratio inside the laser cavity grad-
ually, the tuning range of fixed wavelength A; would also
reduce. However, the retrieved tuning range of scanning
wavelength A5 can be also between 1533 and 1566 nm
under different three coupling ratios. Besides, when the
coupling ratio was decreasing, we could get more sets of
dual-wavelength lasing at the same \; and also observe the
larger mode-spacing, as seen in Fig. 4 to Fig. 6.
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Figure 7 (online color at www.lphys.org) Detected self-
homodyne frequency spectrum of the proposed laser at the se-
lected wavelength of 1547.40 nm without and with saturable-
absorber filter

3. Conclusion

In summary, we have proposed and demonstrated experi-
mentally tunable and stable dual-wavelength EDF double-
ring laser scheme using different coupling ratios insides
cavity loop for wavelength and mode spacing tuning. In
addition, a shorter unpumped EDF is also used to filter
the side-mode in SLM operation. Here, the proposed laser
construction is simple but efficiency and the spectrum dis-
tributions and wavelength differences of this construction
with three different coupling ratios are analyzed. However,
the output mode spacing of dual-wavelength is limited due
to the homogeneous broadening of EDF under various cav-
ity loss used. And, the output performance of the proposed
fiber laser are analyzed and discussed, such as wavelength
tuning range, output power, SMSR and stabilities of las-
ing wavelength and power, etc. As a result, the proposed
laser has the following advantages: (i) two wavelengths
can be tuned separately using the two TBFs; (ii) the mode-
spacing can also be tuned by adjusting the coupling ratio
inside cavity; (iii) the laser has a broadly tuning range; and
(iv) the laser structure is relatively simple.
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