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Spectral characteristics of continuous wave broadband from a fiber laser
with a low dispersion fiber in the cavity
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The spectral width of the continuous wave broadband generated in an erbium doped fiber ring laser
containing a dispersion shifted fiber (DSF) in a filterless cavity is found to be governed by the nature
of the gain spectrum of the doped fiber, in addition to the nonlinear effects. This dependence is
studied experimentally with different lengths of the doped fiber and the DSF. Spectral broadening is
demonstrated in the conventional (C) and long wavelength (L) bands using pump powers less than
200 mW, with an appropriate choice of cavity parameters. The generated broadband is
demultiplexed in the C-band to prove its utility in optical communication systems. © 2008
American Institute of Physics. [DOI: 10.1063/1.2973458]

I. INTRODUCTION

Different schemes for spectral broadening, multiline
generation, and supercontinuum generation from an erbium
doped fiber (EDF) ring laser (EDFRL) have been studied in
the past in both the continuous wave (cw) and mode locked
operations due to their relevance in diverse fields such as
long haul fiber optic communication systems, spectroscopy,
optical fiber sensors, component testing, and fiber optic gy-
roscopes. Both multiwavelength and broadband emissions
have been achieved by cooling the EDF to 77 K (Refs. 1 and
2) using frequency shifting techniquess’4 or by invoking dif-
ferent kinds of nonlinearities such as stimulated Brillouin
scattering,5 Raman Scatteringf’8 and four wave mixing9_11
(FWM) and by using specialty fibers.'>"> Most of the cw
supercontinuum generation schemes which utilize the non-
linear effects in fibers use very high pump powers of the
order of watts.">!’ Dispersion shifted fibers (DSFs) have
been used as the nonlinear medium for demonstrating multi-
line generation through FWM of the wavelengths selected by
the multiline filters or multiple Bragg gratings incorporated
into the cavity.lo’11

In this paper, we investigate the mechanism of spectral
broadening in a cw-EDFRL, with the inclusion of DSF in the
cavity in a filterless configuration for pump powers less than
200 mW. The absence of a frequency selective filter in this
configuration enables the utilization of the large number of
longitudinal modes that are naturally supported by the cavity
toward nonlinear mixing processes. The multiple FWM pro-
cesses occurring between these closely spaced longitudinal
modes in the DSF result in spectral broadening throughout
the gain spectrum of the EDF. The focus of this paper is to
highlight the mechanism of spectral broadening by compar-
ing the experimental results with the estimated small-signal
gain spectrum of the doped fiber and to identify the appro-
priate cavity parameters for achieving large spectral widths
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with relatively low pump powers. Though the system is gain
saturated in the steady state, the nature and the extent of
broadening due to the increase in pump power are experi-
mentally found to be guided by the nature of the small-signal
gain due to the filterless configuration employed here.

Il. EXPERIMENTAL SETUP

The experimental setup consists of a typical unidirec-
tional ring cavity with a small length (L) of an EDF pumped
by a laser operating at 980 nm.'®'” A fraction (R) of the
output power from the fiber is fed back to the input through
a directional coupler to complete the ring cavity structure. R
is chosen to be 0.99 to ensure maximum intracavity power
for enhanced nonlinear processes. L, R, and the intracavity
attenuation decide the wavelength of operation of a filterless
laser."” > The output is observed on an optical spectrum ana-
lyzer, which has a resolution bandwidth of 0.1 nm. Keeping
L and R constant, a tunable laser is demonstrated by intro-
ducing additional loss (@) using a wavelength insensitive
variable optical attenuator in the cavity.24 It has been dem-
onstrated previously that lasing is not restricted to the promi-
nent peaks at 1530 and 1560 nm in the amplified spontane-
ous emission spectrum for a filterless laser. In a filterless ring
cavity, all the wavelengths fed back at the input undergo
multiple passes through the cavity and the lasing wavelength
is the one for which the gain matches the cavity losses. Ini-
tially, the mode corresponding to the peaks in the gain spec-
trum would experience the maximum gain, but its gain drops
fast due to saturation. This transient effect is practically not
observable. The mode which has sufficient gain to counter
the cavity losses is supported for lasing. The lasing wave-
length of a filterless laser is decided by the length of the
doped fiber, the reflectivity, the nature of the small-signal
gain spectrum, and the cavity losses. Such a laser is tunable
throughout the gain spectrum of the EDF, with the appropri-
ate choice of cavity parameters.M*26

© 2008 American Institute of Physics
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FIG. 1. (Color online) Spectral output of the EDFRL with (a) no additional
fiber inserted in the cavity, (b) 2 km of SMF, and (c) different lengths of
DSF inserted in the cavity. P indicates the pump power in each case.

lll. RESULTS AND DISCUSSION

For a given cavity configuration, the linewidth of the
filterless laser increases significantly with pump power, and
the extent of this increase is decided by the wavelength of
operation.27 This natural linewidth of the laser is one of the
primary factors that influence the extent of spectral broaden-
ing when a DSF is introduced into the fiber ring cavity. In
order to quantify the extent of broadening due to the nonlin-
ear effects, the spectral width is measured with different
lengths of DSF introduced into the cavity.

Figure 1(a) shows the output spectrum of the EDFRL,
with L=4.7 m, with no additional intracavity elements. It is
observed that the linewidth, measured at 20 dB below the
maximum power, is <1 nm at a pump power (P) of 20 mW
(thin green line) and it increases to about 2 nm at P
=200 mW (thick blue line). The increase in linewidth with
an increase in pump power is attributed to the multiple FWM
processes between the surviving longitudinal modes?®?
rather than to the increased noise due to spontaneous
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emissions.*® The frequency separation between the longitu-
dinal modes being small, phase matching between these fre-
quencies is significant enough to result in an efficient mixing
process, leading to a measurable increase in linewidth, even
in the absence of a significant length of nonlinear fiber in the
cavity.

A standard single mode fiber (SMF) (with zero disper-
sion wavelength of 1312 nm) with length of 2 km is now
introduced into the cavity. Figure 1(b) shows the output of
the laser in this case. It is observed that the spectral width is
similar to that in Fig. 1(a). A large dispersive phase intro-
duced by the SMF hampers the phase matching in the FWM.
On the other hand, introduction of a nonlinear medium into
the cavity would result in the enhancement of these FWM
processes. Figure 1(c) shows the output spectra when differ-
ent lengths of DSF (zero dispersion wavelength at 1544 nm)
are introduced into the cavity, with « adjusted in each case
so that the center wavelength of lasing (\,.) is the same in
each case. Propagation through DSF results in improved
phase matching efficiencies in an enhanced spectral width of
the cw output, thus ratifying the concept of nonlinear mixing
between the multiple longitudinal modes. Further increase in
the length of DSF increases the interaction length for the
nonlinear processes, resulting in enhanced FWM efficiency
and in a spectrally broader output. The 20 dB spectral spread
is 3 nm for a DSF length of 1 km, while it is 4 nm for a DSF
length of 2.5 km and 6 nm for a DSF length of 16 km, as can
be seen in Fig. 1(c). The power at A is reduced for longer
lengths due to the redistribution of powers within the sup-
ported longitudinal modes through FWM.

In order to analyze the effect of FWM on the spectral
features throughout the emission range of the fiber, a fixed
length of 1 km of DSF is chosen and « is varied, so as to
tune the \.. The results are shown in Fig. 2. For all values of
a, increase in pump power results in increased spectral
width. However, the extent of this broadening is specific to a
given wavelength range and a maximum spread of 28 nm is
observed in the case of @=0.5 dB with A\,=1585 nm. This
result indicates that, in addition to the nonlinear mixing ef-
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FIG. 2. (Color online) Spectral output from the EDFRL, with EDF of length of 4.7 m and DSF of length of 1 km. Thin green and thick blue lines correspond

to low (20 mW) and high (200 mW) pump powers, respectively.
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fects, the spectral features of broadening are significantly
influenced by the emission and absorption characteristics of
the fiber.

These features can be investigated through the spectral
dependence of the small-signal gain coefficient (g) on the
wavelength independent average inversion levels (d) in the

fiber calculated using
1+d 1-d
)12

2

where T'; accounts for the transverse overlap of the signal
beam with the dopant ions, while o, and o, are the emission
and absorption cross sections of the EDF at the signal wave-
length N, and p is the dopant concentration of the fiber
used.’! It should be emphasized that, in the absence of an
intracavity filter or a seed wavelength in the cavity, the lasing
process is initiated from the amplified spontaneous emission,
whose characteristics are very well represented by the small-
signal gain calculated using Eq. (1). Hence, even though the
propagating field in the cavity experiences saturated gain in
steady state, the above analysis based on the small-signal
gain is still valid for the interpretation of spectral character-
istics of the laser in the filterless configuration.

Figure 3 shows a family of curves indicating the spectral
dependence of g for the EDF with length of 4.7 m calculated
for different values of d. For a given d, the lasing wavelength
is the one for which the g matches the net intracavity loss
(shown as the loss line in the inset of Fig. 3). d can be
increased by increasing the pump power in an experiment.
Since the nature of the spectral dependence of g changes
significantly with d, it is useful to obtain an approximate
estimate for d for a given experimental condition in order to
identify the wavelength of interest in the family of curves
shown in Fig. 3. For a=21.5 dB, simultaneous lasing is ob-
served at ~1530 and 1560 nm in the experiments [as can be
seen in Fig. 2(f)]. The gain spectrum corresponding to d
=0.15 (shown as a bold line in Fig. 3) can compensate for
this loss and an additional loss of about 7 dB in the cavity
(attributed to the wavelength division multiplexer, isolator,

g= FSPL{%(M)( (1)

L
1580

1 1
1600 1610

and other splices) and simultaneously allow lasing at the two
specified wavelengths. The same inversion level of d=0.15
can result in lasing at 1590 nm at a smaller value of «. For
example, in the case of a=0 dB, the lasing wavelength is
close to 1590 nm [seen in Fig. 2(a)], corresponding to an
additional loss of 7 dB in the cavity. The gain spectrum at an
inversion of d=0.15 shown in the expanded scale in the inset
of Fig. 3 indicates the lasing wavelength as 1590 nm. d is
numerically small due to the large absorption in the C-band.
It should be reiterated that the estimate of d is not exact since
the contribution due to nonlinear mixing and its effect on
inversion and the spectral response of the other intracavity
components are not included in this model. However, this
estimate is useful to interpret the spectral width obtained at
the output.

The natural linewidth of the laser is decided by the flat-
ness of the gain coefficient, which is different in different
wavelength ranges, as can be seen in Fig. 3. As « increases,
the lasing wavelength decreases, corresponding to an upward
shift in the loss line. This results in the deviation from the
flatter regions of the gain spectrum, and hence, in smaller
values of spectral spread, especially for the values of d cor-
responding to our experiment and as can be seen in Figs.
2(c)-2(e). For d=0.15, the g in the region of 1570-1600 nm
is flat, resulting in a larger number of participating modes in
multiple FWM processes and an enhanced spectral spread, as
can be seen in Fig. 2(b). Thus, the key to obtain the largest
spectral spread at relatively lower values of pump power is to
operate at those inversion levels and intracavity loss values
where the gain spectrum is flat and to simultaneously provide
a sufficient length of the nonlinear fiber. Broadband genera-
tion is thus favored in the L-band under this scheme.

In order to validate the above inference on the influence
of the small-signal gain in the spectral broadening process,
similar aspects are studied for a longer EDF length of L
=12 m. The results displayed in Fig. 4 show certain unique
features of broadening. The spectrum seen at the higher
pump power is not symmetrical about the lasing wavelength
obtained at a lower power. The broadening is more toward
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FIG. 4. (Color online) Spectral output from the EDFRL, with EDF of length
of 12 m and DSF of length of 1 km. Thin green and thick blue lines corre-
spond to low (20 mW) and high (250 mW) pump powers, respectively.

the shorter wavelengths (anti-Stokes region) in Figs. 4(a) and
4(c), while it is toward the longer wavelengths (Stokes re-
gion) in Fig. 4(b). The spectrum is uniformly broadened in
the case of Fig. 4(d). This feature can also be explained using
the nature of the gain spectrum of the EDF. Figure 5 shows a
family of curves representing g calculated for L=12 m and
at different values of d. For the experimental conditions cor-
responding to this length, one can identify that the inversion
corresponds to d values between —0.1 and 0. With the longer
length of the doped fiber, there is a significant absorption in
the C-band in the initial section of the fiber, resulting in a
quasi-four-level operation of the laser. This explains the
smaller values of average inversion for this configuration. In
the case of Fig. 4(a), the value of A, is 1600 nm at the lower
pump power. Since the gain curves are flatter on the lower
wavelength side of 1600 nm in Fig. 5, the spectral broaden-
ing is skewed toward the anti-Stokes wavelength region for
these values of d. On the contrary, in the case of Fig. 4(b),
A.=1592 nm at lower powers, and hence, with the increase
in pump power, the broadening is toward its longer wave-
length region due to the flatness of g in that region for d
=0. For wavelengths between 1560 and 1580 nm, g monoto-
nously decreases for positive d. Hence, the contribution to
spectral broadening is primarily due to nonlinear effects, re-
sulting in a uniform increase in the spectral spread about the

- ~ \ : -\\\ d=iiE

R 1500 1530 1560 1580 1620

. 1570

FIG. 5. (Color online) Gain coefficient calculated for EDF L=12 m for
inversions from —0.2 to 0.5 in steps of 0.05. Inset shows the gain coefficient
for a larger wavelength range.

J. Appl. Phys. 104, 053104 (2008)

Broadband from the laser

Demultiplexed

Power (dBm)

1544 1546 1548 1550 1554 1556 1558 1560 1562 1564
Wavelength (nm)

FIG. 6. (Color online) Broadband generated from the EDFRL and the de-
multiplexed output with an interchannel spacing of 100 GHz.

\. as can be seen in Figs. 2(c)-2(e) and 4(d). g is also found
to have dips/inflections for d>-0.2 between 1575 and 1590
nm, and between 1530 and 1550 nm (seen in Fig. 3 and in
the inset of Fig. 5), resulting in significant dips in the broad-
band seen in Figs. 4(c) and 2(f), respectively. The extent of
broadening can be significantly increased with the use of
larger pump powers and highly nonlinear fibers. The extent
of broadening is different in the different wavelength ranges,
implying that the coherence characteristics of the output are
also expected to be different in different wavelength ranges.

A potential application for such a spectral broadband
output from a cw laser is in fiber optic communication,
where individual wavelengths can be extracted from the gen-
erated spread spectrum by using a suitable demultiplexer at
the output of the cavity. Since the longitudinal mode spacing
of this laser oscillator is in the megahertz range, the demul-
tiplexed channels at an interchannel separation of, say, 100
GHz may be incoherent to a certain extent. In addition, the
contribution from multiple nonlinear mixing processes can
result in significant amplitude fluctuations. In order to assess
the utility of the demonstrated broadband source for spectral
splicing in the conventional communication band, the broad-
band is generated in the C-band. An EDF of smaller dopant
concentration, with a length of 5 m, is used as the gain me-
dium and a DSF with a length of 0.5 km is used as the
nonlinear medium in this experiment. The generated broad-
band is spectrally sliced using a commercially available de-
multiplexer in the wavelength range of 1548.52—1555.75 nm
with an interchannel spacing of 100 GHz on the International
Telecommunications Union (ITU) grid in the C-band. The
broadband from the laser and the demultiplexed output are
shown in Fig. 6.

It is observed from the ten demultiplexed channels that
the maximum power in each channel follows the spectral
profile of the generating broadband and there are no signifi-
cant fluctuations in the power of each channel. Contrary to
the schemes which rely only on multiple nonlinear processes
by propagation of a high power signal through a low disper-
sion fiber, the amplitude fluctuations are expected to be mini-
mal in the present scheme since the nonlinear processes are
aided by the intrinsic gain inside the ring cavity at the gen-
erated wavelengths. Each of the demultiplexed channels can
be further subjected to modulation with a pseudorandom bit
generator and subsequently tested for parameters such as eye
opening penalty and bit error rate for its applicability in data
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transmission systems. Possibility of generation of the spread
spectrum in different wavelength bands without the use of
specialty fibers or high powers make this design versatile.

IV. CONCLUSION

The mechanism of spectral broadening in EDF lasers
due to the inclusion of a DSF in the cavity is studied for
pump powers less than 200 mW. The salient feature of this
work is the use of a variable optical attenuator in conjunction
with a DSF to obtain broadband emission at relatively low
pump powers throughout the emission spectrum of EDF. In
cw operation, in addition to the contribution from the mul-
tiple FWM between the surviving longitudinal modes, the
nature and extent of spectral broadening are strictly guided
by the small-signal gain of the laser. This aspect is explained
using the spectral dependence of the gain coefficient of the
doped fiber at different levels of inversion.
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