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Abstract: In the investigation, we propose and demonstrate a wavelength-selectable C- plus
L-band erbium-doped fiber (EDF) ring laser with single-longitudinal-mode (SLM) output.
Here, a C-band erbium-doped fiber amplifier (EDFA) is utilized to serve as gain medium
together with proposed multi-cross-ring (MCR) scheme to extend the wavelength tunability to
L-band range. Besides, the MCR can also suppress the multi-longitudinal-mode (MLM)
significantly. Therefore, the measured output power and optical signal to noise ratio (OSNR)
of each lasing wavelength are between —10.1 and —2.7 dBm, and 26.4 and 35.0 dB/0.06 nm,
respectively in the wavelength range from 1530.0 to 1584.0 nm. In addition, the output
stabilities of power and wavelength in the proposed EDF MCR laser have been also analyzed
experimentally.
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1. Introduction

Recently, broadband and wavelength-tunable erbium-doped fiber (EDF)-based lasers with
stable output play the main roles in different applications, such as wavelength-division-
multiplexing (WDM) communication system [1], optical sensing system [2], light detection
and ranging (LIDAR) [3], instruments testing [4], and microwave photonics [5] etc. The
erbium-doped fiber amplifiers (EDFAs) are utilized commonly to serve as gain medium in
different fiber lasers [6]. However, the gain profile of typical erbium-doped fiber amplifier
(EDFA) is in C-band (1525 to 1565 nm). In order to achieve widely operation bandwidth of
EDF laser, the S- (1480 to 1520 nm) or L-band (1560 to 1610 nm) EDFAs should be applied
inside a cavity [7, 8]. In general, to achieve wavelength-selectable C- plus L-band fiber laser,
using hybrid optical amplifier, Raman amplifier (RA) and broadband EDFA inside a cavity
have been proposed and studied [9—11]. Although these proposed researches can achieve C-
to L-band operation, but they still require widely gain-band amplifier for providing
wavelength tunability.

Due to the mode-hoping and homogeneous broadening in EDF, unstable and multi-
longitudinal-mode (MLM) output will occur. Hence, to obtain stable single-longitudinal-
mode (SLM) operation, several techniques have been proposed, such as using self-injection
method [12], employing unpumped EDF-based saturable-absorber-filter [13], utilizing
multiple-ring configuration [14] and applying narrow band optical filter [15].

In the investigation, we first demonstrate using conventional C-band EDFA and multi-
cross-ring (MCR) scheme to achieve C- plus L-band wavelength-selectable EDF laser
together with stable SLM output. Here, the proposed MCR scheme not only can extend the
tuning range to L-band, but also can serve as ring filter to suppress the densely MLM. To
evaluate the output characteristics of proposed EDF laser, the output power, optical signal to
noise ratio (OSNR), and side-mode suppression ratio (SMSR) of each lasing wavelength are
also measured and analyzed in the operated range of 1530.0 to 1584.0 nm. In addition, we
also perform the stability assessments in terms of output wavelength and power.

2. Experiment and results

Figure 1(a) presents the experimental setup of proposed wavelength-selectable EDF ring laser
scheme. The proposed EDF ring laser is consisted of two polarization controllers (PCs), a
polarizer (POL), an optical tunable bandpass filter (OTBF), a 1 x 2 and 10:90 optical coupler
(OCP,), a C-band commercial EDFA, and a multi-cross-ring (MCR) configuration. In the
measurement, the C-band and L-band OTBFs are utilized to generate and vary different
wavelength output, respectively. The tuning ranges of C- and L-band OTBFs are between
1530.0 and 1560.0 nm and 1570.0 and 1610.0 nm respectively. The insertion loss and 3 dB
bandwidth of two OTBFs are 6 dB and 0.4 nm. In this measurement, there is a 8-nm
frequency gap which cannot be tuned due to the limited tuning ranges of the two OTBFs. To
enhance the stability of the lasing wavelength, the nonlinear polarization rotation (NPR) can
be introduced to the fiber cavity [16]. Hence, the NPR effect would generate the intensity-
dependent inhomogeneous loss. Here, two PCs and a POL are used to produce the NPR
effect, as illustrated in Fig. 1(a), for maintaining the polarization status and obtaining
maximum output power. The lasing wavelength can be observed in the 10% output port of
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OCP;. In the experiment, an optical spectrum analyzer (OSA) with a 0.06 nm resolution is
employed for observation and measurement.

As shown in Fig. 1(a), the MCR is constructed by three 2 x 2 and 50:50 OCPs,. The MCR
can produce three fiber rings. Besides, there is also a main fiber ring in the proposed EDF
laser architecture, as illustrated in Fig. 1(a). Therefore, total four fiber rings can produce their
corresponding free spectrum range (FSR). Hence, when the FSR of each fiber ring can satisfy
the least common multiple based on the Vernier validity [14], the densely multi-longitudinal-
mode (MLM) of lasing wavelength can be suppressed significantly. Moreover, the proposed
MCR structure and NPR effect can spread the operated range from C-band to L-band in the
experiment.
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Fig. 1. (a) Proposed C- plus L-band wavelength-tunable EDF ring laser architecture. (b)
Observed amplified spontaneous emission (ASE) spectrum and gain profile of C-band EDFA.
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Fig. 2. Measured output wavelength spectra of proposed EDF MCR laser covering both C- and
L-band.
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The C-band EDFA is employed to act as a gain medium inside the proposed fiber ring
laser architecture. Figure 1(b) presents the measured amplified spontaneous emission (ASE)
spectrum and gain profile of commercial C-band EDFA. The maximum ASE power is around
1530 nm in C-band range of 1525.0 to 1560.0 nm. Besides, the obtained gain profile is
between 20.0 and 31.5 dB when the input signal power is —10 dBm.

When the two OTBFs are tuned arbitrarily inside a cavity loop respectively, then each
different output wavelength can be generated. Figure 2 shows the measured output
wavelength spectra of proposed EDF MCR laser, while the C-band and L-band OTBFs are
used, respectively. Thus, we can observe different lasing wavelengths in the operated range
1530.0 to 1584.0 nm covering C-band and L-band. As depicted in Fig. 2, the background
ASE noise of EDFA can be suppressed completely. Besides, according to the proposed EDF
laser scheme, the tuning optical signal can stretch to a longer wavelength range. However,
when the passband of OTBF is tuned over the wavelength of 1585.0 nm, the output
wavelength cannot generate due to the insufficient gain. According to the previous work [17],
to achieve high gain and widely operated bandwidth for fiber ring laser, Peng et al. proposed
using the hybrid erbium-doped waveguide amplifier (EDWA) and semiconductor optical
amplifier (SOA) for wavelength tuning. However, the hybrid amplifier serving as gain
medium would increase the cost and noise figure. Hence, the proposed stable SLM EDF ring
laser with the MCR configuration and C-band EDFA to achieve C + L band tuning range is
simple and cost-effective.
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Fig. 3. Measured output power, OSNR and SMSR of proposed EDF MCR laser covering both
C- and L-band ranges.

Figure 3 displays the observed output power, OSNR and side-mode suppression ratio
(SMSR) of proposed EDF MCR laser covering both C- and L-band ranges. As illustrated in
Fig. 3, there is 8.0 nm band gap of 1561.0 nm 1569.0 nm cannot be measured owing to the
device limitation of two OTBFs. The output powers of —10.1 to —2.8 dBm are observed in the
wavelengths of 1530.0 to 1584.0 nm. The measured output powers are drop gradually in
wavelengths at both sides due to the insufficient gain of the EDF. Moreover, the measured
OSNR and SMSR are between 26.4 and 35.0 dB/0.06 nm; and 23.7 and 32.0 dB/0.06 nm,
respectively, as schemed in Fig. 3. The maximum output power is obtained at the wavelength
of 1560.0 nm together with the OSNR and SMSR of 33.6 dB/0.06 nm and 32.0 dB/0.06 dB.
In the proposed EDF ring laser architecture, the measured maximum tuning range is from
1530.0 to 1584.0 nm, due to the limit of OTBF component. However, according to the output
distribution of Fig. 3, the wavelength range may start from 1525.0 nm when a properly optical
filter is utilized. Probably, the proposed EDF ring laser could reach the operation bandwidth
of nearly 60 nm.
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Then, to understand the output stability of proposed EDF MCR laser scheme, a short-term
observation of output power and wavelength is performed experimentally. In the
measurement, initially, the lasing wavelengths of 1545.0 nm and 1580.0 nm with output
powers of —4.5 and —5.8 dBm are employed to demonstration, respectively, when the C- and
L-band OTBFs are applied for tuning. Figures 4(a) and 4(b) present the measured stability
performances of output power and wavelength in a 25 minutes observing time, respectively,
when the lasing wavelengths are selected at 1545.0 (C-band) and 1580.0 nm (L-band). As
seen in Figs. 4(a) and 4(b), the observed output power fluctuations and lasing wavelength
variations of 1545.0 nm and 1580.0 nm are 0.1 and 0.2 dB; and 0.02 and 0.00 nm,
respectively. As a result, a high output stability of proposed EDF MCR laser is achieved
based on the measurement results. In addition, during one hour observation time, the obtained
stability performance of power and wavelength are still maintained within the observed
differences as mentioned above.
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Fig. 4. Measured stability performances of output power and wavelength in a 25 minutes
observing time, respectively, when the lasing wavelengths are selected at (a) 1545.0 nm and
(b) 1580.0 nm.

Finally, to realize the SLM performance of each lasing wavelength in the proposed EDF
MCR laser, a delayed self-homodyne measurement is performed experimentally. The optical
setup is constructed by a Mach-Zehnder interferometer (MZI), having 25 km single-mode
fiber (SMF), a PC and a 10 GHz PIN-based receiver (Rx). Beside, we also choose a lasing
wavelength of 1545.0 nm initially for SLM measurement. Here, a 3 GHz bandwidth electrical
spectrum analyzer (ESA) is used to detect the converted electrical signal from Rx. Figure 5
shows the observed electrical spectra of proposed EDF ring laser with (red line) and without
MCR structure (blue line) in a measured frequency bandwidth of 3 GHz. Essentially, when
the proposed EDF laser without using the MCR scheme, the electrical spikes are observed in
the 3 GHz spectrum range, as drawn in blue line of Fig. 5. While the MCR is applied, the
MLM can be suppressed highly without any electrical spikes, as illustrated in red line of Fig.
5. The inset of Fig. 5 is the enlarged power spectrum measurement in an observing range of
10 MHz. There is no densely MLM can be observed. Moreover, we also execute the SLM
measurement of 1580.0 nm wavelength. The obtained experimental results are the same as
Fig. 5. After one hour observation measurement, the displayed electrical power spectra of
ESA are still stable without densely spike noises, when the testing wavelengths are 1545.0
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and 1580.0 nm, respectively. Therefore, the results present that the proposed EDF MCR laser
has excellent output stability and broadly tunability with SLM operation from 1530.0 to

1584.0 nm.
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Fig. 5. Observed electrical spectra of proposed EDF ring laser with and without MCR structure
in a frequency range of 3 GHz. Inset is the enlarged power spectrum measurement in an
observing range of 10 MHz.

3. Conclusion

We proposed and demonstrated a wavelength-selectable C- plus L-band EDF MCR laser
configuration with SLM output. Here, a C-band EDFA was employed to serve as gain
medium with proposed MCR scheme to spread the wavelength tunability from C-band to L-
band. Furthermore, the MCR could also suppress the MLM highly of each lasing wavelength.
Therefore, the measured output power and optical signal to noise ratio (OSNR) of each lasing
wavelength were between —10.1 and —2.7 dBm, and 26.4 and 35.0 dB/0.06 nm, respectively
in the wavelengths of 1530.0 to 1584.0 nm. Moreover, the output stabilities of power and
wavelength could be within the maximum variances of 0.2 dB and 0.02 nm in the proposed
EDF MCR laser experimentally.
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