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Stable L-band superfluorescent fiber source
using one pump
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1 Introduction synchronous pumping technique is that the mean wave-

length stability becomes sensitive to the small variations in
the power-splitting ratio of the power splitter. The wave-
length stable L-band SFS with a simpler configuration and
new technique is necessary to accelerate its application in
all-fiber FOG.

In this paper, we first demonstrate a new technique by
adding an unpumped EDF in a single-backward pumped
SES configuration for an L-band SFS of broadening line-
width and stable mean wavelength. The configuration is

In the recent decades, superfluorescent fiber sources (SFSs)
based on erbium-doped fiber (EDF) amplified spontaneous
emission (ASE) had been extensively studied owning to
their wide applications for dense wavelength division mul-
tiplexing (WDM) device characterization, spectrum-sliced
sources, optical sensor systems, fiber-optic gyroscopes
(FOG), and optical coherence tomography.l_3 Especially,
many researchers were focused on improving the mean
wavelength stability and broadening the linewidth of the ¢ . . .
SES for navigation-grad FOG applications. In the first few based on the conventional DPB configuration, while using
years, conventional wavelength band  (C-band, an additional unpumped fiber between the WDM coupler

1525—1565 nm) EDF SFSs have been studied intensively and the isolator at the end. of the output terminal. It is
and the double-pass backward (DPB) configuration has proved that the proposed design can not only have the char-

been demonstrated to offer the highest output power, better acteristic of mean wavelength insensitive to pump power
mean wavelength stability, and broader linewidth.* In the operation but also has a broadening linewidth with the op-
recent years, most researchers have been focusing on the timized structural parameters. To the best of our knowl-
long wavelength band (L-band, 1565—1605 nm) SFS in or- edge, such a technique is simpler than those r;ported before
der to increase its output power, spectral linewidth, and for a stable L-band SFS and shown effective to have a
wavelength stability to cater to the demand of band expan- broad linewidth with moderate output power.

sion of the fiber-optic communication window.”™® The

mean wavelength stability of L-band SFS was not included 2 Configuration of Single-Backward Pumped
in the research, although it is more suitable in FOG appli- L-Band SFS

cation for' its potentigl larger linewidth to achieve a higher Figure 1 illustrates the suggested single backward pumped
value of signal-to-noise ratio. Recently, we have proposed a L-band SFS. The source consists of two sections of EDF
stable L-band SFS wusing a double-pass bidirectional (EDF1 and EDF2), a 980-nm pump laser diode (LD), a
pumpe d 9,01(()) nfiguration  and synphronous p}lmping 980/1590 nm WDM, a fiber mirror made by a 3-dB broe’ld—
technique. ™ However, the configuration presented in Refs. band couple, and an optical isolator at the output port. The
9 and 10 is quite complicated. Another disadvantage of the section of EbFl is backward pumped by the 980-nm LD
and the other one (EDF2) is unpumped and separated from
0091-3286/2009/$25.00 © 2009 SPIE EDF1 by the WDM. We define the total length of EDF as
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Fig. 1 Proposed L-band SFS using single backward pumped
technique.

L=L+L,, where L; and L, are referred to as the first stage
(EDF1) and the second stage (EDF2) lengths, respectively.
The fiber-length ratio of EDF1 to the total length is defined
as Ry =L;/L. The EDF used in the numerical simulations
and experiments is the heavily doped LRL fiber (Lucent
Technologies, type number 1.12403) with a peak absorption
of 27-33 dB/m at 1530 nm, mode field radius of 5.2 um,
cutoff wavelength of 1100—-1400 nm, and numerical aper-
ture of 0.25.

The principle of the proposed L-band SFS with back-
ward pumped configuration can be explained as follows.
Generally, the L-band ASE is realized using a long fiber
with a forward-pumped Conﬁguration.5 Namely, the C-band
ASE generated by the anterior fiber inject into the later
fiber section is to be a second pump source, then an L-band
ASE will be attained in the output. For the configuration
presented in this paper, the backward C-band ASE of EDF1
is transfused into the output stage EDF2 to be a second
pump source, so an L-band SFS output can be obtained in
the end of EDF2 with an appropriate fiber-length arrange-
ment.

3 Simulation and Experimental Results

Previous simulations and experiments have indicated that
the simulation results obtained by the commercial amplifier
simulation package OASIX are quite accurate.”''™" There-
fore, the OASIX is used to perform the simulations of the
proposed configuration as shown in Fig. 1 in order to gain
insight into and to optimize its output properties. It is noted
that the mean wavelength of the ASEs is computed by

i=

A= (1)
3[’()\1')

S p(N)IN,
1

and the spectral linewidth is defined as

n 2
[$ar0)
i=1
A=, ()
> ANP(N)?
i=1

where \; is the wavelength of the i’th ASE wave, P(\;) is
the power in the i’th ASE wave of the emission spectrum, n
is the number of discrete ASE wavelengths, and AN\; is the
spectral width represented by the i’th ASE wave.

There is no doubt that the output ASE spectrum is
largely dependent on the total fiber length used. Therefore,
the total fiber length is initially optimized to obtain a flat
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Fig. 2 Simulated output spectra in different R, cases. Inset: Line-
width and mean wavelength versus R,.

L-band spectrum output. The effective reflectivity of the
fiber mirror is selected to be 90%, and the total pump
power is set to 100 mW. For different fiber-length ratios,
R, , the output spectra of the L-band SFS at various EDF
lengths are simulated. The result indicates that for different
R;, the optimal EDF length for the flat L-band spectrum
(i.e., for the maximal value of linewidth) is ~19 m. Hence,
the total EDF length is fixed at 19 m of the L-band SFS in
the following simulations.

The effects of the fiber-length ratio R; on the output
spectrum have been addressed. Figure 2 shows the output
spectra for the configuration of different R; with a pump
power of 100 mW. Curves a—g correspond to Ry =0.42,
0.63, 0.68, 0.79, 0.84, 0.89, and 0.95, respectively. The
variation of the output linewidth and the mean wavelength
versus R; are shown in the inset of Fig. 2. As apparent from
Fig. 2, when the R; <0.7, R has little influence on the
L-band spectral shape. However, when R; changes from
0.7 to 0.85, the spectral intensity increases significantly in
the short-wavelength range, and decreases in the long-
wavelength range, gradually. The mean wavelength shifts
toward shorter wavelengths, and the linewidth increases to
the maximum value when R; is adjusted to ~0.84. If
R; >0.85, then the SFS is no longer an L-band fiber source;
the output spectrum shifts to C-band mostly with a decreas-
ing of the mean wavelength and the linewidth.

The reason for the changes of the spectral characteristics
resulting from the different values of R; can be illustrated
as follows. In the L-band SFS, shown in Fig. 1, EDFI is
backward pumped. The output from EDF1 produced by the
direct pump of the LD, which is called ASE1+, is C-band
ASE. ASE1+ is injected into EDF2 through the WDM to
pump EDF2. In EDF2, there are two different ASEs in
opposite directions generated by ASEl+, referred to as
ASE2+ and ASE2—, respectively. ASE2— passes through
EDF2 and EDFI and then goes back again when it reaches
the fiber mirror. Thus ASE2— turns to be ASE3+ when it
goes into EDF2, as shown in Fig. 3. The total output of the
SFS is composed of two components: ASE2+, which is
generated directly by ASE1+, and ASE3+, which is gen-
erated by the ASE2— passing through the fiber. The wave-
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Fig. 3 Schematic diagram of Fig. 1

length ranges and the proportion of the two components
determine the output characteristic of the spectrum. When
R; <0.7, the length of EDF2 is long enough to make
ASE2+ and ASE3+ shift to the L band. Thus, the mean
wavelength and the spectrum output are stabile in the L
band and the linewidth and mean wavelength remain nearly
unchanged. When Ry is in the region of 0.7-0.85, the wave-
length range of ASE3+ is also in the L band while the fiber
length of EDF2 now is not long enough to shift all the
ASE2+ into the L band. The intensity and the mean wave-
length of ASE2+ and ASE3+ act together to make the
output spectrum broaden to the C band, and this results in
the linewidth increasing rapidly and the mean wavelength
shifting toward shorter wavelengths. When R} >0.85, the
length of EDF2 keeps decreasing. In this process, the wave-
length ranges of ASE2+ keep moving to shorter wave-
lengths (C-band) and the intensity of ASE2+ keeps aug-
menting, which lead to the fast decrease of the mean
wavelength and the linewidth of the total output spectrum.
By the competition between ASE2+ and ASE3+, the
maximum linewidth is attained with R; of 0.84, corre-
sponding to L;=16, L,=3 m.

The variation of the mean wavelength versus pump
power is investigated. Figure 4 compares the mean wave-
length profiles against pump power and shows the high
tunability of the mean wavelength against pump power
characteristic by adjusting the fiber length ratio R;. The
total fiber length is fixed at 19 m. It is shown clearly in Fig.
4 that when Ry is lower, for the cases of R =0.42 (L,=8,
L,=11 m), and 0.63 (L;=12, L,=7 m), the mean wave-
length keeps decreasing with the increase of pump power.
However, with R; of 0.68 (L,=13, L,=6 m), 0.79 (L,=15,
L,=4 m), and 0.84 (L;=16, L,=3 m), the mean wave-
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Fig. 4 Calculated mean wavelengths versus pump power.
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Fig. 5 (a) The pump power for stable mean wavelengths and (b)
corresponding spectral linewidth and pumping efficiency against A, .

length increases to a maximum and then decreases as pump
power increases. When Ry is further increased to a value as
high as 0.89 (L,=17, L,=2 m), the pump power—
independent mean wavelength operation disappeared. The
mean wavelength keeps increasing with the pump power
within the given largest pump power of 225 mW. The re-
sults of Fig. 4 demonstrate the high tunability of the mean
wavelength against pump power characteristic by adjusting
the fiber length ratio R;. The pump power independent

mean wavelength operation with d\/dP=0 is able to exist
for the suggested SFS source by selecting a suitable Ry
within a certain range. Furthermore, it should be noted that
the total pump power to obtain a stable mean wavelength is
different in the different pump ratios. Figure 5(a) illustrates
the required pump power for obtaining stable mean wave-
lengths in different R;, while Fig. 5(b) gives the corre-
sponding available linewidth and pumping efficiency. We
can see clearly from Fig. 5(a) that pump power-independent
mean wavelength operation cannot be always achieved by
the proposed single pumping scheme. Too low or too high
fiber-length ratios are not satisfactory for obtaining a stable
SFS. The mean wavelength decreases monotonously with
pump power when R; <0.6, while the mean wavelength
increases monotonously with pump power when R >0.9.
The results show that a fiber-length ratio between 0.6 and
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Fig. 6 Measured mean wavelength and output power versus pump
power.

0.9 is suitable to achieve a stable L-band SFS using this
design. Figure 5(a) also indicates that the larger the value of
R, is, the higher the pump power needed to get the stable
mean wavelength operation. Figure 5(b) guides us to select
the optimization of R; to obtain the best output character-
istics of the linewidth and pumping efficiency. The result of
Fig. 5(b) shows that pumping efficiency increases as Ry
increases. However, the linewidth is saturated when the R},
is ~0.85. Hence, the optimum fiber-length ratio, Ry, was
selected to be 0.84 (i.e., L;=16 and L,=3 m) to achieve a
mean wavelength stability L-band SFS with a high pump-
ing efficiency, a maximum linewidth, and a moderate pump
power.

Figure 6 shows the measured mean wavelength as a
function of pump power of the suggested L-band SFS. The
output spectrum was measured using an Advantest optical
spectrum analyzer (OSA) that divided the spectrum into
1000 discrete points. The mean wavelength and linewidth
of the spectrum are computed by Egs. (1) and (2). Stable
mean wavelength operation was observed when the pump
power was 187.5 mW, corresponding to a mean wave-
length of 1583.20 nm. The experimental results show good
agreement with the simulations, with quantitative discrep-
ancies attributable primarily to splice loss, insertion loss in
the WDM coupler, etc. Figure 6 also shows the output spec-
trum power against pump power. An output power of
46.3 mW, corresponding to a pumping efficiency of 24.7%
was achieved for the stable mean wavelength operation un-
der pump power of 187.5 mW. Figure 7 shows the obtained
output L-band spectrum of 187.5-mW pump power. It can
be seen clearly that the linewidth is obviously broadened to
the edge of C-band, corresponding to a spectral linewidth
of 49.6 nm. As compared to the mean wavelength stability
L-band SFS demonstrated in Ref. 10, the proposal of a
single pumping scheme to achieve a mean wavelength
stable L-band SFS is much simpler and with a larger toler-
ance in the structure parameters. The advantages of high
tunability of the mean wavelength and large linewidth of
the proposed single-pumped L-band SFS make it more use-
ful in a high-precision FOG application.
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Fig. 7 Measured output spectrum for 187.5-mW pump power.

4 Conclusion

In conclusion, we have demonstrated that a new single-
pumped erbium-doped L-band SFS can not only have the
characteristic of mean wavelength insensitive to pump
power operation but also a large linewidth by inserting an
appropriate section of unpumped EDF in front of an isola-
tor at the end of the output terminal. For a 19-m-long total
EDF with fiber-length ratio of 0.84, a mean wavelength
stable L-band SFS having spectral linewidth of 49.6 nm, an
output power of 46.3 mW, and a mean wavelength of
1583.20 nm was experimentally demonstrated. There was
good agreement between experiment and theory. To the
best of our knowledge, such a technique is simpler than
those reported previously for a stable L-band SFS and has a
broad linewidth with moderate output power. Such a single-
pumped stable L-band SFS should be useful in WDM sys-
tems, FOGs, and fiber-optic sensor systems.
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