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 
Abstract—Two kinds of Yb-doped fibers were fabricated, 

namely, Yb: YAG crystal-derived silica fibers (YCDSFs) with a 
gain coefficient of 6.0 dB/cm, and Bi/Er/Yb co-doped silica fibers 
having a Yb concentration of 0.13ൈ1026 ions/m3. Based on these 
fibers, a ring-cavity single-frequency fiber laser (SFFL) has been 
constructed, in which the YCDSF was used as a gain medium and 
the Bi/Er/Yb co-doped fiber acted as a saturable absorber. It has 
been demonstrated that the SFFL had an over 100 mW output at 
1030 nm, a slope-efficiency of up to 18.3%, and an optical signal-
to-noise ratio of over 63 dB. The fluctuation of the output power 
of the laser was less than 0.65% of 103.5 mW within 10 hrs and no 
mode-hopping was observed for 5 hrs. The SFFL had a linewidth 
<7.5 kHz at the maximum output power, and the measured 
relative intensity noise was lower than −142 dB/Hz at the 
frequency above 1.0 MHz. The results indicate that the ring-cavity 
SFFL built could be used as a laser source for applications in high-
power fiber laser and high-precision optical fiber sensing and 
detection. 
 

Index Terms—Bi/Er/Yb co-doped fiber, Ring-cavity, Single-
frequency, Yb: YAG crystal-derived silica fiber  
 

I. INTRODUCTION 

ingle-frequency fiber lasers (SFFLs) can be used as laser 
sources for a wide variety of applications, such as high-

precision optical fiber sensing, seeding of high-power fiber 
lasers, Internet of Things, and laser radars [1-3]. Particularly, 
the SFFLs based on the Yb-doped fibers for the ~1.0 μm 
wavelength operation are highly demanded for uses in seed 
sources for high-power fiber laser and high-power boosters for 
gravitational wave detection [4]. To meet the increasingly 
potential applications, the performance of ~1.0 μm SFFLs, i.e., 
linewidth, maximum output power, and stability, needs to be 
further improved. These parameters are the key indicators 
determining the resolution, sensitivity and stability of the 
system used for optical detection, sensing, and imaging [5-7]. 
Various cavity schemes have been proposed to generate single-
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longitudinal-mode (SLM) operation, typically, a distributed 
Bragg reflector (DBR) [8, 9], a distributed feedback (DFB) 
configuration [10] and a long linear cavity [11, 12], as well as a 
traveling-wave ring cavity [13-15]. Each of them has its 
associated advantages and drawbacks. For instance, the 
ultrashort cavity configuration of DBR and DFB can allow 
them to achieve a SLM operation at high output powers, but, 
the significant heat accumulated in ultrashort gain fibers may 
cause laser instability such as sharp increase in linewidth [8, 9]. 
In contrast, the approaches of long linear cavity and traveling-
wave ring cavity can render sufficient heat dissipation, narrow 
theoretical linewidth, and low noise. This makes them a 
powerful means that can be used to develop stable ultra-narrow 
(<10 kHz) linewidth SFFLs [16, 17]. However, the long linear 
cavity SFFLs are prone to spatial hole burning (SHB) effect, 
resulting in instability and the occurrence of mode-hopping. 

In addition to above designs, the ring cavity structure has also 
been accomplished [13-15]. It can effectively avoid the SHB 
effect, and also provide the system flexibility and wavelength 
tunability. Despite these merits, the long cavity length in SFFLs 
may cause multi-longitudinal-mode (MLM) oscillation, 
deleterious to laser performance. To mitigate this, a number of 
ultra-narrowband filters have been introduced in the ring cavity 
laser, such as Fabry-Perot cavity-based filters [13], sub-ring 
resonators based on cursor effect [14], and ultra-narrowband 
induced grating with a saturable absorber (SA) based on two-
dimensional materials and unpumped Yb-doped fibers [15, 18, 
19]. Among them, the SFFLs with a section of unpumped Yb-
doped fiber can not only offer an all-fiber structure but also a 
low insertion loss. In the meantime, the bandwidth of the 
induced grating can be purposely tailored through the design of 
doped fiber, such as dopant concentration, relative refractive 
index profile, and absorption and emission cross-sections [20, 
21]. Therefore, the use of unpumped gain fiber-based filter 
renders a high degree of flexibility for the system to obtain a 
SLM output. 
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On the other hand, however, the performance of such SFFLs 
needs to be improved on the level of output powers, slope 
efficiency, and the stabilities in output powers and longitudinal 
mode operation [19, 22-24]. The effective approach is deemed 
to be optimization of the gain fiber and the unpumped Yb-
doped fiber. The use of high-gain active fiber can enhance the 
laser output powers [24, 25]. For the selection of gain fiber, Yb: 
YAG crystal-derived silica fiber (YCDSF) could be an ideal 
candidate in terms of its high concentration doping, high gain 
coefficient, and inherent compatibility with commercial silica 
fibers [8, 26]. For instance, Gao et al. in 2020 obtained the SLM 
operation using a ring-cavity laser based on only 10-cm-long 
YCDSF, whose output power was as high as 45 mW, although 
the gain coefficient of the YCDSF was low [24]. In addition, in 
order to achieve narrow bandwidth of induced grating, 
conversely, low concentration Yb-doped fibers are required for 
the SA fibers. In this regard, most commercial Yb-doped fibers 
cannot meet such as a demand [14, 19, 22-24], and could result 
in poor stability of the SFFLs. 

In this work, a ring-cavity fiber laser with the incorporation 
of two home-made Yb-doped fibers has been demonstrated, in 
which the YCDSF and the Bi/Er/Yb co-doped fiber were used 
as a gain medium and a SA respectively. The stable SLM 
operation of the laser has been accomplished, and the lasing 
characteristics have also been systematically evaluated, 
including its slope efficiency, longitudinal mode and power 
stability, noise, and so on. 

II. YB-DOPED SILICA FIBERS AND RING-CAVITY SFFL 

CONSTRUCTION 

(1) Yb: YAG crystal-derived silica fiber 

High-concentration YCDSFs were made using a 15 at.% Yb: 
YAG single crystal rod and a high-purity silica substrate tube. 
At 2050 ℃, the fibers were drawn on a CO2 laser-heated 
drawing tower using the melt-in-tube method. The detailed 
fabrication process was reported in our previously work [27].  

The elemental distribution along the diameter of the YCDSF 
was characterized using an electron probe micro-analyzer 
(EPMA-1720, SHIMADZU, Japan). As shown in Fig. 1(a), the 
mutation of element content is observed at the boundary 
between the cladding and core layer. The elements of Si, Yb, Y, 
and Al concentrations in the core layer were 25.96, 6.57, 18.21, 
and 8.49 wt.%, respectively.  

The background loss of the YCDSF was measured using a 
cut-back method, in which a 1550 nm single wavelength laser 
acted as the light source. In Fig. 1(b), the fitted slope shows a 
background loss of 0.6 dB/m. 

The unsaturated absorption characteristic was used to 
describe the optical pumping efficiency of the YCDSF. The 
absorption coefficient as a function of pump power at 980 nm 
is presented in Fig. 1(c), revealing the saturated and unsaturated 
absorption coefficients (αs and αus) of 26.49 and 0.88 dB/cm 
respectively. The subsequently calculated merit factor of the 
unsaturated absorption (Ma) is 96.8%, suggesting that the 
YCDSF can be efficiently pumped by the 980 nm laser. 

The measured gain coefficient of the YCDSF is shown in Fig. 
1(d) for three different signal light powers of -25, -5, and 5 dBm 

as a function of the 980 nm pump power. In each signal case, 
the gain coefficient gradually increases with the increased 
pump light power, before reaching its saturation. The pump 
power required to achieve gain saturation is also increased with 
increasing the signal light power from -20, -5, to 5 dBm, 
whereas the corresponding saturation gain coefficients drops 
from 6.0, 5.5, to 4.1 dB/cm respectively. The maximum gain 
coefficient of the YCDSF is 6.0 dB/cm.  

(2) Bi/Er/Yb co-doped silica fiber 

Bi/Er/Yb co-doped silica fibers were fabricated using a 
modified chemical vapor deposition (MCVD) process 
combining with the atomic layer deposition (ALD) technique 
(TFS-200, Beneq Inc., Finland) on a graphite-heated drawing 
tower. The detailed fabrication process has been reported in Ref. 
[28]. The cross-sectional view of the fiber is shown as the inset 
in Fig. 2(a). The core and cladding diameters of the fiber are 9.2 
and 125.1 m, respectively. According to the EPMA test result, 
the doping concentrations of Yb and Er ions in the fiber core 
are 0.012 and 0.014 wt.% respectively, and the number of ions 
per unit volume of Yb is about 0.13ൈ 1026 ions/m3. The 
refractive index distribution of the fiber was measured using a 
refractive index profiler (S14, Photon Kinetics, Inc., U.S.). The 
refractive index difference (∆n) between the fiber core and 
cladding was approximately 0.0050, and the refractive index of 
the fiber core layer is 1.4606 (Fig. 2(a)). The effective mode 
refractive index is 1.4594 at 1030 nm.  

The absorption spectrum of the fiber was measured using a 
broadband source (BBS, SC-5, YSL Photonics, China) and an 
optical spectrum analyzer (OSA, AQ6370, YOKOGAWA, 
Japan). The result is depicted as the inset in Fig. 2(b), where 
four absorption peaks can be seen. Two absorption peaks of 
electronic transitions of Er ions are observed at 800 (4I15/2→4I9/2) 
and 1530 nm (4I15/2→4I13/2). The absorption peaks at 918 and 
978 nm were mainly originated from the 2F7/2→2F5/2 transition 
of Yb ions. Based on the obtained absorption spectrum of the 
Yb ion, the absorption cross sections (σୟୠୱ) can be calculated 
by the equation as below [29]: 

σୟୠୱሺλሻ ൌ
ଶ.ଷ଴ଷ

ே௅
ODሺλሻ                                    (1) 
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Fig. 1.  (a) Elemental distribution curve along the diameter of the fiber. (b)
The background loss of the YCDSF at 1550 nm. (c) The unsaturated
absorption of YCDSF at 980 nm. (d) The gain coefficient at different signal
powers as a function of pump power. 
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where OD(λ) is the optical density obtained by the absorption 
spectrum, 𝑁 is the number of ions per unit volume of the Yb 
ion, and 𝐿 is the length of the test fiber. The emission cross 
sections ( 𝜎௘௠ ) of the fiber can be evaluated using the 
McCumber theory [29]: 

𝜎௘௠ሺ𝜆ሻ ൌ 𝜎௔௕௦ሺ𝜆ሻ𝑒𝑥𝑝 ቂ
ሺఌି௛ఔሻ

௄்
ቃ                            (2) 

where 𝜀  is the energy of zero-phonon-line, ℎ  is the Planck 
constant, 𝜈  is the working frequency, 𝐾  is the Boltzmann 
constant, and 𝑇 is the temperature in Kelvin, which is 300 K in 
this case. The results are depicted in Fig. 2(b). The σୟୠୱ and 
𝜎௘௠  of Bi/Er/Yb co-doped silica fiber are 7.4ൈ10-27 m2 and 
1.15ൈ10-25 m2 at 1030 nm. These values are lower than those of 
the commercial Yb-doped fibers [23, 24], which mainly depend 
on low Yb doping concentration. At the same time, the 
introduction of Bi and Er ions may further reduce the emission 
cross-section of Yb ions by the energy transfer process from Yb 
ions to Er ions and bismuth active centers. 

(3) Ring-cavity SFFL setup 

A backward pump scheme was applied in setting up the ring-
cavity SFFL (Fig. 3), namely, a single mode 980/1030 nm 
wavelength division multiplexer (WDM) to input the pump 
light at 980 nm and output the amplified spontaneous emission 
(ASE) of YCDSF simultaneously. The cross-sectional and side 
views of the YCDSF are depicted in Figs. 3(a) and (b). The ASE 
light can be transmitted along the optical circulator (CIR) and 
the SA fiber, and reflected back by the fiber Bragg grating 
(FBG), forming a ring resonant cavity. The FBG has a 
reflectivity of 70.0%, corresponding to a 3 dB bandwidth of 
0.05 nm. As shown in Figs. 3(c)→(d), the FBG was utilized not 
only as the wavelength selective device but also as the laser 
output port. The 1030 nm laser can generate a standing wave 

through light interference of two counter propagating waves in 
the SA fiber. The periodic change of refractive index occurs 
along the SA fiber, from which a transient-induced grating (also 
called standing-wave FBG) can be generated. A Bi/Er/Yb co-
doped silica fiber is used as the SA fiber, whose period of the 
induced grating (Λ) is about 352.9 nm. The standing wave FBG 
has a typical ultra-narrow bandwidth of tens of MHz, which can 
further narrow the bandwidth of the laser to achieve a SLM 
output. The process is schematically illustrated in Figs. 3(d)→(e) 
→(f). A compact polarization controller (PC) was deployed to 
control the polarization state within the laser cavity, ensuring a 
stable SLM operation. 

According to the setup, the longitudinal mode spacing (∆ν) 
of fiber laser can be evaluated using equation (3) 

𝛥𝜈 ൌ
௖

௡௟
                                       （3） 

where c is the speed of light, n is the fiber refractive index, and 
l is the cavity length of the laser. 

The reflection bandwidth (∆υ) of the laser depends on the 
bandwidth of the transient self-induced grating formed by the 
SA. Based on the Kramers-Kronig relation [30], refractive 
index changes periodically along the SA fiber due to the 
different absorbance of light at nodes and antinodes. The 
bandwidth of induced grating can be written as equation (4) 

Δ𝜐 ൌ ௖

ଶగ௡೐೑೑௅೒
ට൫𝜅𝐿௚൯

ଶ
൅ 𝜋ଶ                       （4） 

where Lg and neff are the length of induced grating and effective 
index of SA fiber respectively; κ is coupling coefficient, which 
can be expressed as equation (5) 

𝜅 ൌ
గఋ௡೘ೌೣ

ఒ
                                   （5） 

where 𝜆  is the work wavelength of laser; 𝛿𝑛௠௔௫  is the 
maximum refractive index change in Bi/Er/Yb co-doped silica 
fiber, which can be given by equation (6) 

𝛿𝑛௠௔௫~ ୻ೞேఒఙ೐೘
ସగ

                              （6） 

where 𝛤௦ , N, and σem are overlapping factor, Yb ions dopant 
concentration and emission cross-section at the working 
wavelength, respectively.  

To obtain the SLM operation, the relationship between ∆ν 
and ∆υ, equation (7), needs to be satisfied: 

𝛥𝜐 ൑ 2𝛥𝜈                                 （7） 
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Fig. 2.  The refractive index distribution (a) and the absorption and emission
cross sections (b) of Bi/Er/Yb co-doped silica fiber. 

 
Fig. 3.  Setup of ring-cavity SFFL based on YCDSF and Bi/Er/Yb co-doped silica fibers. 
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According to Equations (3)-(7), a larger longitudinal mode 
spacing and a narrower induced grating bandwidth would 
facilitate the laser SLM operation. However, the longitudinal 
mode spacing is inversely proportional to the laser cavity length, 
and the induced grating bandwidth is proportional to the SA 
fiber length. Therefore, each component of the laser cavity 
needs to be carefully designed. 

First, to optimize the length of the YCDSF, the ring-cavity 
lasers with different YCDSF lengths, i.e., 5, 10, 20, and 30-cm, 
were tested in the absence of SA fiber according to the 
relationship between the pump power and laser output power. 
Figure 4 shows the results. It can be found that both the 
threshold power and slope efficiency of the laser increases, as 
the length of the YCDSF increases. Due to the limitation of 
pump power, however, the maximum output power of laser 
does not increase with increasing the YCDSF length. At the 10 
cm YCDSF length, the maximum output power, slope 
efficiency, and threshold power are up to 206 mW, 28.1%, and 
as low as 140 mW, respectively, showing an overall better 
performance over others. Consequently, the 10-cm-long 
YCDSF was chosen as the gain fiber, and the total cavity length 
of the laser system without the SA fiber is 2.2 m. 

In order to obtain SLM operation, the length of the SA fiber 
is also evaluated. For Bi/Er/Yb co-doped silica fiber, the typical 
parameters used are 𝛤௦ =0.7, 𝜎௘௠ =0.115 ൈ 10-24 m2, 
N=0.13ൈ1026 ions/m3, and 𝜆=1030 nm. As shown by the red 
curve in Fig. 5, the value of ∆ν falls as the SA fiber becomes 
longer. According to Equation (6), 𝛿𝑛௠௔௫  is 0.85ൈ10-7. The 

bandwidth of the induced grating as a function of the SA fiber 
length is estimated using Equations (4) and (5), as shown by the 
green curve in Fig. 5. According to the operating conditions of 
SLM (Equation (7)), the critical fiber length of SA is about 1.13 
m, above which the laser operates in a SLM, as designated by 
the pink rectangular area in the Fig. 5. Otherwise, the laser 
would operate at the MLM state in the purple rectangular area. 

III. EVALUATION OF THE SINGLE-FREQUENCY RING-CAVITY 

FIBER LASER 

In the light of the above analysis, three ring cavity fiber lasers 
were built using 2, 3, and 4 m Bi/Er/Yb co-doped silica fibers, 
respectively. The longitudinal mode characteristics of the fiber 
lasers were assessed based on the Mach-Zehnder interference, 
in which a 200 MHz acoustic optical modulator (AOM) was 
used to generate frequency shift, and the applied electrical 
spectrum analyzer (ESA, Agilent) had a resolution bandwidth 
of 2 kHz. Figure 6 presents the measured radio frequency (RF) 
beating spectra of the fiber lasers at different pump powers. The 
detection frequency range spanned from 190 to 390 MHz, 
covering a width of 200 MHz. At each given SA, when the 
pump power increased, a RF signal skipping was observed from 
one beating peak to multiple beating peaks, indicative of the 
change of the laser operating state. The identified skipping 
pump powers at the SA fiber length of 2, 3, and 4 m are 518, 
600, and 680 mW, respectively. In the case with the pump 
power lower than the skipping pump power, the RF beating 
spectra show only a prominent beating peak at 200 MHz, 
indicating that a stable SLM operation has been obtained in the 
laser, as the pink area marked in Fig. 6. Otherwise, the multiple 
beating peaks can be observed, suggesting a MLM operation, 
as the highlighted purple area in Fig. 6. The underlying 
mechanism may be attributed as follows. As the pump power 
rises, the signal light power in the SA fiber also is increased. 
The gradually stronger signal light may pump the SA fiber, and 
then generate new ASE. These may also result in the slightly 
refractive index change of the SA fiber, thereby perturbing the 
bandwidth and stability of the induced grating [20]. Therefore, 
it is difficult to effectively suppress the mode competition, as 
also reported in Ref. [25]. At the same time, we also found that 
the fiber laser with 4 m SA fiber has the largest skipping pump 
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Fig. 6.  Radio frequency beating spectra of the fiber laser with the 2, 3, and 4
m SA fiber at different pump powers. 
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power, presumably due to the absorption cross section of the 
SA fiber at 1030 nm is relatively weak. As the length of SA 
fiber increases, the narrow-band induced grating formed in the 
fiber becomes more stable, which might be a potential option to 
suppress mode competition [20].  

In addition, at the pump power of 807 mW, the interval of 
beating signals, namely the longitudinal mode interval, were 
estimated to be approximately 35, 25, and 20 MHz, 
corresponding to the laser cavity with the 2, 3, and 4 m SA 
fibers respectively. These values are consistent with the 
theoretical calculations, as shown by the blue dot and red curve 
in Fig. 5.  

Under the SLM operation, the output power of the laser was 
further analyzed as a function of the pump power. As shown in 
Fig. 7, the output power of the laser increases approximately 
linearly with increasing the pump power, after passing the 
lasing threshold. The slope efficiency of the laser decreases 
from 21.7% to 18.3%, when the SA fiber length increases from 
2 to 4 m. This is mainly due to the larger insertion losses of the 
longer fiber. Since the laser with the 4 m SA fiber shows the 
largest output power, approximately 103.5 mW, it consequently 
becomes the focus of the following study in laser performance. 

To characterize the longitudinal mode stability of the laser 
with the 4 m SA fiber at 103.5 mW, the beating signal of the 
laser was continuously monitored for every 9 s over 300 mins 
using an ESA with the sweep time of 764 ms. The result (Fig. 
8) displays a prominent beating peak at 200 MHz only, 
manifesting that a mode-hopping-free SLM was obtained in the 

ring cavity SFFL. The faint line at 265 MHz is presumably 
caused by the electrical noise. Since the long-term longitudinal 
mode stability mainly depends on the nature of induced grating, 
the sufficiently long silica fiber co-doped with a low Bi/Er/Yb 
concentration used in this work can account for the observed 
ultra-narrow bandwidth and high stability of the induced 
grating. Consequently, the system constructed has effectively 
suppressed the mode competition and the mode change caused 
by ambient environment. 

At the output power of 103.5 mW, the output spectra of the 
4 m SA fiber SFFL ranging from 900 to 1200 nm were 
scrutinized using an OSA with the resolution of 0.02 nm. In Fig. 
9(a), an optical signal-to-noise ratio (OSNR) of about 63 dB 
lasing peak and a typical ASE spectrum of Yb ions [31] with a 
nearly 120 nm bandwidth were observed. The discernible 
intensity at the 900-980 nm in the figure can be accounted for 
by the residual ASE of YCDSF. The magnified region of 
1027.5 to 1032.0 nm (inset in Fig. 9(a)) presents a highly 
symmetrical lasing peak centered at 1029.6 nm, from which an 
ultra-narrow bandwidth of 0.04 nm at 3 dB can be derived. 
Compared with the output spectra of the DBR SFFLs [8, 9], the 
ASE of Yb ions is significantly enhanced because of the 
structure of laser cavity. 

Figure 9(b) shows the power stability of the SFFL with the 
4-m SA fiber at 103.5 mW. It was measured using a power 
meter (PM, Thorlabs), every 1 s for 10 hrs. The fluctuation of 
the output power (FOP) takes up less than 0.65% (rms) of the 
average power, and in range from 340 to 400 mins the power 
variations are <1.7 mW as inset in Fig. 9(b). It is likely that the 
power fluctuation of the pump laser and the change of the 
ambient temperature are the main reasons leading to the 
observed weak instability in output power. In general, the 
obtained results indicate that the SFFLs have a stable output 
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Fig. 7.  Output power of the SFFLs as a function of pump power at different
SA fiber lengths. 

 
Fig. 8.  Radio frequency beating spectra mapping of the laser with 4 m SA
fiber at SLM operation within 300 mins. 
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Fig. 9.  Output spectrum (a) and power stability (b) recorded within 10 hours 
of the SFFL with the 4 m SA fiber at the maximum output power. 
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power without the presence of photodarkening effect in YCDSF, 
and it would be suitable for a seeding of high-power fiber lasers.  

The SFFL linewidth was investigated using the delayed self-
heterodyne method with a 25-km-long single-mode fiber delay. 
This delay-line provided a 1.21 ms delay and a 7.5 kHz 
linewidth resolution. To avoid the interference of low frequency 
signals, a 200 MHz AOM was introduced. At the maximum 
output power, a typical heterodyne signal was observed using 
an ESA with a sweep time of 0.69 s and a 30 Hz bandwidth 
resolution. In Fig. 10(a), the fitted Lorentzian profile reveals a 
20 dB linewidth at 136 kHz on which the laser linewidth can be 
estimated as about 6.8 kHz. Since the value is less than the 
linewidth resolution of measurement, it is thus that the laser 
linewidth should be less than 7.5 kHz. 

Figure 10(b) depicts the results of relative intensity noise 
(RIN) of the SFFL pumped at different powers. In the frequency 
range of 10 Hz -10 MHz, the RIN spectrum at a given pump 
power presents a dominant sharp peak at the relaxation 
oscillation frequency, after which the RIN level off at about -
142 dB/Hz. The central frequency of the peak shifts towards 
higher frequencies as the pump power increases, i.e., from 
140.8 kHz at 478 mW to 223.1 kHz at 680 mW, whereas the 
peak intensity drops from -121.4 dB/Hz to -124.5 dB/Hz 
correspondingly. No obviously large noise peak was observed. 
Compared with the ring-cavity SFFLs incorporated with other 
Yb-doped fibers [22-24], the noise level of this laser is 
significantly reduced, which can be attributed to the better 
performances of the YCDSF and Bi/Er/Yb co-doped silica 
fibers. 

Table 1 shows the summary of characteristics of the ring-
cavity SFFLs based on different gain fibers and SA fibers. The 
notable feature of the ring-cavity SFFLs is that the linewidth is 
very narrow, less than 7.5 kHz [22-24]. It is also seen that the 
SFFLs based on the commercial high-concentration Yb-doped 
silica fibers [23, 24] have the lower output powers and slope 
efficiencies than the one constructed in this work, although they 
have used the longer gain fibers. This is mainly due to the lower 
gain coefficient associated with the commercial Yb-doped 
fibers. As reported in Ref. [19], the cladding pumping scheme 
can improve the slope efficiency of the laser, but the output 
power and OSNR still need to be further optimized. Although 
the introduction of YCDSF may shorten the length of the gain 
fiber, a significant improvement on the output power and slope 
efficiency of the SFFL have not been observed in Ref. [24]. 
Overall, the ring-cavity SFFL incorporated with the home-
made YCDSFs and Bi/Er/Yb co-doped fibers in this work has 
shown a promising improvement in the laser performance, 
especially in output power, slope efficiency and RIN. It may be 
drawn upon the following reasons:   
(1) A high gain YCDSF is used in the laser system. The gain 

coefficient of 6 dB/cm in this work is much higher than that 
of other Yb-doped fibers [19, 22-24]. 

(2) The applied Bi/Er/Yb co-doped silica fibers enable the 
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Fig. 10.  The heterodyne signal (a) and relative intensity noise (RIN) (b) of the
SFFL. 

TABLE 1 
SUMMARY OF THE RING CAVITY SFFLS BASED ON DIFFERENT GAIN FIBERS AND SAS 

Gain media SA fibers 
Maximum 

output power 
(mW) 

Slope 
efficiency 

OSNR 
(dB) 

Power 
stability 

Linewidth 
(delay line) 

RIN 
(dB/Hz) 

Refs. Yb doped 
fibers 

Fiber 
length 
(cm) 

Yb doped 
fibers 

Fiber 
length 

(m) 

INO Yb 501 50  INO Yb 501 5  6  2.93% 45  
<2% within 

1 h 
760 Hz 
(30 km) 

-92 [22] 

Nufern, SM-
YSF-HI 

150  
Nufern, SM-

YSF-HI 
2  7  / 65  

<1.5% 
within 30 

min 

<500 Hz 
(/) 

/ [23] 

Double-
cladding, 

Nufern PM-
YDF-5/130-

VIII 

250  
Nufern, PM-
YSF-HI-HP 

10  35  21.0% 34  / 
<6.0 kHz 
(11 km) 

-134  [19] 

YCDSF 
(4.8 wt.%) 

10  
Nufern, PM-
YSF-HI-HP 

2  45  10.2% 60  
0.36% 

within 30 
min 

<4.3 kHz 
(48 km) 

/ [24] 

YCDSF 
(6.57 wt.%) 

10  
Bi/Er/Yb co-
doped fiber 

4  103  18.3% 63  
0.65% 

within 10 h 
<7.5 kHz  
(25 km) 

-142  
This 
work 
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relatively narrow bandwidth of the induced grating. The 
value of 25 MHz is about half of that of other commercial 
Yb-doped fiber-based gratings (>50 MHz) [19, 23, 24]. 
The realization is largely determined by the relatively low 
Yb-ion doping concentration (0.012 wt.%) and the smaller 
emission cross-section at 1030 nm, approximately 
1.15ൈ10-25 m2 (as shown in Fig. 2(b)). Commercial Yb-
doped fibers used for SAs have been reported to be 
0.32ൈ1026 ions/m3 in Refs. [19, 24]. Further, the energy 
transfer of co-doped ions from Yb ions to Er ions and 
bismuth active centers [32], may also play a role, leading 
to the reduced emission cross-section of Yb ions.  

(3) The combined use of high-gain YCDSF and low-
concentration Bi/Er/Yb co-doped silica fiber in the SFFL 
provides an effective approach to design the laser cavity 
structure, i.e., two Yb-doped fiber length options and avoid 
the heat accumulation in the YCDSF but generate the 
stable ultra-narrowband induced grating at the same time, 
leading to a low-noise stable SLM output.  

As a consequence, it is the unique properties of these two 
optical fibers that make the SFFL laser to have a high-power, 
high-efficiency, and low-noise stable laser output. The work 
presented here provides an alternative method to improve 
performance of the ring-cavity SFFLs, and could also shed light 
on the study of other ring cavity SFFLs at different operating 
wavelengths. 

IV. CONCLUSION 

In summary, we have fabricated two kinds of Yb-doped 
fibers to meet the requirements of high-performance ring-cavity 
SFFLs, namely, a 10-cm-long YCDSF with a gain coefficient 
of 6 dB/cm to act as the gain medium, and a 4-m-long Bi/Er/Yb 
co-doped silica fiber for SA to form a 25 MHz ultra-narrow 
induced grating. A stable SLM operation has been obtained 
within the ring-cavity SFFL. The performances of the ring 
cavity SFFL were significantly improved through optimizing 
the properties of doped fibers and the configurations of the laser 
cavity. The maximum output power and slope efficiency of 
SFFL were up to 103.5 mW and 18.3%, respectively. At the 
maximum output power, the fiber laser had the OSNR of 63 dB 
and the linewidth of less than 7.5 kHz. The laser also 
demonstrated a long-term stability, i.e., FOP < 0.65% of 103.5 
mW within 10 hrs and no observation of mode-hopping for 5 
hrs. Moreover, its RIN reached around -142 dB/Hz at the 
frequencies of over 1.0 MHz, and the relaxation oscillation 
frequency was less than 250 kHz. The study suggests that the 
high-performance ring-cavity SFFL could be used as a 
seed/light source in high-power fiber laser and in gravitational 
wave detection. 
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