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Abstract—An experimental comparison of the stability perfor-
mance of two multiwavelength lasers, based on either an erbium-
doped fiber or Raman amplification, is reported. Both systems em-
ploy fiber Bragg gratings to select the operating wavelengths within
the resonant ring cavity. The aim of this study is to compare the
output power stability of the lasers and also their optical SNR ra-
tios.

Index Terms—Erbium-doped fiber (EDF), fiber Bragg grating
(FBG), optical fiber amplifier, optical fiber ring laser, Raman am-
plifier, wavelength-division multiplexing (WDM).

I. INTRODUCTION

E RBIUM-DOPED fiber ring lasers (EDFRLs) and fiber
Raman ring lasers (FRRLs) have attracted considerable

attention because of their benefits over nonfiber-based sources,
such as high output powers and small coupling loss, when
connected to fiber-optic networks [1], [2]. Multiwavelength
fiber lasers have also attracted great interest because of their
potential application in optical fiber sensors, optical signal pro-
cessing, sensor network multiplexing schemes, and instrument
testing [3]–[7]. They also have a variety of advantages, such as
multiwavelength operation, simple structure, low cost, narrow
linewidth, high power, low-intensity noise, and compatibility
with other optical fiber components.

To achieve multiwavelength laser operation, versatile
methods based on various gain media, such as EDF amplifiers
(EDFAs) [3], [4], [8], semiconductor optical amplifiers (SOAs)
[5], and Raman amplifiers [6], [7], [9], [10], have been investi-
gated. However, at room temperature there is gain competition
among the longitudinal oscillating modes of a multiwavelength
EDF laser and it can cause unstable spectral characteristics.
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Another candidate for this kind of fiber lasers is the fiber Raman
laser, which can provide broad gain bands in any wavelength
region by properly selecting the pump wavelengths.

Compared with SOA-based multiwavelength lasers, Raman-
amplifier-based multiwavelength fiber lasers have more flexi-
bility in the selection of lasing wavelengths, according to the
availability of pump laser diodes [6], [7], [9], [10]. Multichannel
filters such as Fabry–Perot filters [3], high-birefringence fibers
[4], [7], and cascaded long-period fiber gratings [9] are im-
portant key components to generate a multiwavelength output.
However, their insertion in a laser cavity increases the cavity
loss, which can degrade the overall performance. Multiwave-
length EDF lasers using a few-mode fiber grating have been re-
ported [11]. Nevertheless, it is difficult to obtain the stable mul-
tiwavelength laser operation at room temperature unless the ho-
mogeneous broadening of the EDF is suppressed by cooling to
cryogenic temperatures or by using the frequency shift feedback
method [12].

Ring configurations can improve the characteristics of these
erbium and Raman lasers considerably. However, ring fiber
lasers are also known to be susceptible to output power insta-
bilities and mode competition [2], [13]–[15]. These instabilities
can degrade the performance characteristics of a telecom-
munication or sensor multiplexing network based on a laser
interrogation scheme. Experimental studies of the output power
stability of ring lasers have a great importance in communica-
tion and sensor systems. The issue of distinguishing between
sensor-induced losses and undesired power fluctuations on
the system has to be addressed when using inexpensive light
sources or nonsophisticated detection methods. For this pur-
pose, several referencing techniques have been experimentally
demonstrated [16].

When comparing erbium-doped and Raman ring lasers, the
optical fiber length and type, and the required pump power must
be considered. In this study, we have used fibers highly doped
with Er and dispersion-compensating fiber (DCF) to reduce
the cavity length in comparison with previously reported fiber
lasers. When employing EDF, we use meters of fiber, whereas
in Raman lasers, we use kilometers to obtain the same output
power. However, this apparent disadvantage of Raman lasers
can be very useful for remote sensing laser applications [2] or
for secure key distribution in communications networks [15].

In this study, we present an experimental comparison of
the stability of Raman or Er-doped fiber multiwavelength ring
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lasers. The lasers use fiber Bragg gratings (FBGs) to select the
operating wavelengths. We demonstrate a novel structure based
on circulators that uses Raman amplifitacion [17].

Our analysis focuses on the power stability achieved in the
four multiwavelength lasers. The stability of these lasers is es-
pecially important in telecommunications [3] and sensing ap-
plications [2]. The optical SNR ratios (OSNRs) are also com-
pared for the four lasers. When compared with earlier reports,
the proposed multiwavelength Raman fiber laser scheme using
circulators has many advantages, including stable operation at
room temperature, lasing wavelength adjustable with the pump
wavelength, and high OSNRs.

II. METHODOLOGY

Two multiwavelength fiber ring laser topologies are com-
pared: the star configuration using a 2 4 coupler and a new
serial configuration based on circulators [17], [18]. Each struc-
ture has been developed using Er-doped fiber amplification and
Raman amplification. The four resulting configurations, which
are at the heart of this paper, are depicted in Figs. 1 and 2, and
they are now described. The EDFRL setups consisted of a ring in
which a fiber highly doped with erbium (Er-30 by Liekki, with
an absorption of 10.8 dB/m at nm) was incorporated,
acting as the active medium. The amplification was obtained by
using 7 m of this highly doped fiber. Because of the high con-
centration of erbium, the fiber length needed for the cavity was
shorter than in other cases. Additionally, a 980-nm pump source
and a wavelength-division multiplexer (WDM) were used to
form the ring laser.

Both Raman topologies include a section of 2.4-km DCF
inside the ring to achieve greater Raman gain per unit pump
power. The Raman pump laser from IPG Fibertech radiated at
1445 nm. It could deliver up to 3 W power into a single-mode
fiber.

The wavelength selection in all the structures was carried
out by means of FBGs. Gratings centered at 1536.92, 1539.75,
1541.95, and 1545.1 nm were used. Each one had a 0.2 nm band-
width and 95% reflectivity.

One of the major problems in multiwavelength ring lasers is
the correct adjustment of the cavity losses on each wavelength to
achieve oscillation of the system in all of the desired channels.
The oscillation threshold power for each wavelength is different
because of the nonuniform profile of the erbium or the Raman
gain medium. Thus, individual loss control for each wavelength
is required. To resolve this problem, a variable attenuator (VA)
was located before each grating. All the free terminations on
both systems were immersed in refractive-index-matching gel
to avoid undesired reflections.

The experimental setup for the first EDFRL star topology,
similar to that reported in [8] and [9], is shown in Fig. 1(a). A 2
4 coupler was used to include the FBGs into the laser cavity, cre-
ating a star topology. Optical power inside the ring was thus di-
vided into four branches of approximately equal power. Each of
these branches was composed of the FBG and a VA was used to
regulate the losses of the corresponding wavelength to achieve
oscillation in all the channels. A 95% coupler enabled the ex-

Fig. 1. Experimental setups for (a) EDFRL and (b) RFRL, both using a star
topology involving a 2 � 4 coupler.

traction of 5% of the laser output power from the ring and direct
it to the optical spectrum analyzer (OSA).

Fig. 1(b) shows the experimental setup for the star configura-
tion of the Raman Fiber Ring Laser (RFRL), previously reported
in [8] using a commercial EDFA.

The serial configurations for the EDFRL and the RFRL are
shown in Fig. 2(a) and (b), respectively. These are novel config-
urations in which four circulators were used to direct the signal
inside the ring, ensuring unidirectional operation, and therefore,
avoiding the spatial hole-burning (SHB) effect. Because of the
use of circulators, inserting isolators was not necessary.

The output power of the lasers can fluctuate with time. The
output power stability was, therefore, measured experimentally
on all these ring fiber laser structures at four lasing wavelengths.

The cavity length of a RFRL is much longer than that of an
EDFRL, which results in very different lasing characteristics.
The number of modes and modes spacing is given by

(1)

(2)

where is the refractive index, the ring length, and is the
center wavelength.

We consider only the gain medium length (i.e., ignoring the
pigtails length) and assuming a full-width at half-maximum
(FWHM) of about 0.2 nm for all the FBGs. Then, about 3
10 modes, separated into pm, are predicted for
every FBG for the RFRL but less than 900 modes, separated by
0.2 pm, are predicted for the EDFRL.

Fig. 3 shows an example of the large number of modes that
exist inside one of the FBGs used in an EDFRL star configura-
tion, such as Fig. 1. This plot was obtained by using a high-reso-
lution OSA (BOSA-C, by Aragon Photonics), which measured
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Fig. 2. Experimental setups for (a) EDFRL and (b) RFRL, both using a serial topology involving circulators.

Fig. 3. Details of the different longitudinal modes generated from one FBG
placed inside the EDFRL star configuration measured by a BOSA.

optical spectra with a top combination of high resolution (0.08
pm) and high dynamic range ( 80 dB) at one time.

Fig. 3 could explain the higher stability of the RFRLs because
the higher the number of modes, the lower the output power
variations. The relationship between the number of modes and
the output power stability is being carried out in both theoretical
and experimental studies, and they will be published elsewhere.

III. RESULTS

We start with the star topologies shown in Fig. 1(a) and (b).
The output spectrum of the EDFRL for a 90-mW pump power

is shown in Fig. 4(a) for the star configuration. Four FBGs were
used and so four lasing channels could be obtained. In the case
of the EDFRL, the power of each of the four output channels
is around 7.2 dBm and the power difference between them is
about 0.5 dB. For every channel, the signal power is more than
39 dB higher than the amplified spontaneous emission (ASE)
noise floor. The pumping threshold for the power stability was
around 50 mW [18]. However, the launched pump power we
used in these experiments was 90 mW. One of the reasons for
using this pump power level was to avoid possible damage to
the laser. Another reason was that a laser operated very close to
threshold tends to be more unstable than when it is far above the
threshold.

The output spectrum of the RFRL with a 1.2-W pump power
is shown in Fig. 4(b). The power of each of the four output
channels is around 4.8 dBm, and the power difference between
the four channels is around 0.8 dB. The four independent lasing
wavelengths show OSNRs around 47 dB.

The optical efficiency (output power divided by launched
pump power) achieved with the EDFRL star configuration
is 3.1%, which is much better than that with the RFRL star
topology (0.38%). The reason is that the Raman pump power
needed is very high (1.2 W, compared with 90 mW for the
EDFRL). The optical efficiency of this EDFRL is a typical
value for these fiber lasers if we compare with the published
results of other laser configurations [3].

We have analyzed the temporal fluctuations of the output
power. The instability is defined as the output power variation
(in decibels) for a given interval of time and a specific confi-
dence level (CL). This is the probability value associated with
a confidence interval (CI), given as a percentage [19]. The CI
is the estimated range of values where the parameter of interest

Authorized licensed use limited to: Universidad de Zaragoza. Downloaded on November 20, 2009 at 04:05 from IEEE Xplore.  Restrictions apply. 



1554 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 45, NO. 12, DECEMBER 2009

Fig. 4. (a) Output spectrum for the EDFRL star configuration. (b) Output spec-
trum for the RFRL star configuration.

is included. We have tested each laser structure during a period
of 1800 s and a CI of 100% was considered. Each measurement
was carried out for an optimum pump power. Previous experi-
mental work [18] demonstrated that pump powers higher than
the threshold pump power are required for a better stability, and
that a further pump power increase, the stability remains almost
unchanged.

The average power variation was measured as follows. Each
output power channel was evaluated every 30 s for 30 min at
room temperature. We measured the output power in each of
the four channels that were lasing, in the manner shown in
Fig. 4(b). Then, we averaged the four powers and plotted the
average power versus time.

The stability as a function of time using erbium amplifica-
tion is better owing to the relatively long fluorescence lifetime
of Er-doped fiber amplifiers. In Raman amplifiers, the power
stability depends on the pump rate and the laser becomes more
unstable for high pump powers, as shown in the RFRL using the
star topology.

Fig. 5 shows the output power levels over a period of 1800 s
for the FBG centered at 1536.92 nm for the two kinds of am-
plification by using the star configuration. For the EDFRL star
configuration, the average power variation was about 2.15 dB
over the four output channels. For the RFRL star structure, this
variation was around 4.5 dB for the same output channels. Both
structures show good power stability at each of the four wave-
lengths. As reported in the literature, ring lasers with more than
two [20] or three [21] wavelengths are unstable. However, our
structures using four wavelengths show good power stability
without cooling the EDF to 77 K with liquid nitrogen as reported
in [22]. Our experiment was carried out in the open air, and

Fig. 5. Output power time stability of EDFRL (a) and RFRL (b) star configu-
rations (60 times repeated scans).

we believe that the laser stability could be further improved by
shielding the fiber laser from environmental perturbations [23]
and by shortening the cavity length further. Thus, we conclude
that the stability at room temperature is better with erbium am-
plification than with Raman amplification.

To analyze the stability of the new serial structures with circu-
lators corresponding to Fig. 2(a) and (b), we repeated the mea-
surement procedure both for Raman and erbium amplifications.
The output spectra of the EDFRL for a 90-mW pump power
and for the RFRL fiber laser at 1.2-W pump power are shown
in Fig. 6(a) and (b), respectively. In the case of the EDFRL se-
rial configuration, the power of each of the four output channels
is around 6 dBm, and the power difference between them is
about 0.6 dB. For every channel, the signal power is more than
43 dB higher than the ASE noise floor. As before, the pumping
threshold was approximately 50 mW.

The output spectrum of the RFRL in the serial configuration
for a 1.2-W pump power is shown in Fig. 6(b). The power of
each of the four output channels is around 0.8 dBm, and the
power difference between the four channels is less than 0.7 dB.
The four independent lasing outputs give OSNRs higher than 50
dB, although evidence of some undesirable four-wave mixing
(FWM) can be observed at low power levels.

The intensity of the FWM nonlinear effect depends on the
channel spacing, the effective area of the propagating waves,
and the fiber dispersion [24]. In the experiment corresponding
to Fig. 6(b), we used a DCF, which not only increased the Raman
gain but also increased the FWM because of its small effective
area.

FWM can have important deleterious effects in optical fiber
communications, particularly in the context of WDM, where the
mixing product can fall within the demultiplexer channel pass-
bands, be incident on the detectors and cause crosstalk. One way
to suppress FWM is by using a standard (G-652) single-mode
fiber instead of a DCF. However, in our case the power differ-
ence between our laser emission peaks and the new frequen-
cies generated by FWM are high enough to justify ignoring the
phenomenon in most circumstances. Several studies show that
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Fig. 6. Output spectra for (a) EDFRL with circulators configuration and
(b) RFRL configuration with circulators.

these values (OSNR about 50 dB) are convincingly good for
most telecommunications and sensor applications [25].

As expected, the OSNR obtained for the configuration with
circulators was higher than that using the couplers (about 47 and
39 dB, respectively). The reason is that this novel serial con-
figuration ensures unidirectional operation and therefore avoids
SHB. In the case of the EDFRL star configuration, the signal
power for every channel is more than 39 dB higher than the
ASE noise floor, compared with 43 dB for the EDFRL serial
topology. With the RFRL star configuration, the four indepen-
dent lasing wavelengths exhibit an OSNR of around 47 dB, com-
pared with more than 50 dB for the RFRL serial topology.

As with the star configuration, the optical efficiency obtained
with the EDFRL scheme is better for the RFRL topology (4.5%
versus 2.1%) because of the high Raman pump power needed
to reach threshold.

Fig. 7 shows the long-term output power behavior (1–1800 s)
of the FBG centered at 1536.92 nm for both kinds of amplifica-
tion using the serial configuration.

An output power stability analysis using the serial configu-
ration of Fig. 2 was also carried out. At room temperature, the
average power variation was about 1.9 dB for the output chan-
nels of the EDFRL serial configuration. For the RFRL serial
laser structure, it was around 1.8 dB for the same output chan-
nels. Hence, we conclude that the stability at room temperature
is similar for both kinds of lasers.

Tables I and II summarize the results obtained with the erbium
and the Raman lasers using the star and serial configurations.
First of all, they show that the efficiency is always better with
erbium amplification. The weak point of Raman gain is its high

Fig. 7. Output power time stability of (a) EDFRL and (b) RFRL serial config-
urations. The scans were performed 60 times.

TABLE I
ANALYSIS OF TIME STABILITY (OUTPUT POWER VARIATIONS) FOR BOTH

EDFRL AND RFRL STAR CONFIGURATIONS

TABLE II
ANALYSIS OF TIME STABILITY (OUTPUT POWER VARIATIONS) FOR BOTH

EDFRL AND RFRL SERIAL CONFIGURATIONS USING CIRCULATORS

pump power requirements. Second, they show the power sta-
bility is slightly improved with this novel serial topology using
Raman amplification.

IV. CONCLUSION

Multiple-wavelength emission has been achieved in an EDF
ring laser and an RFRL by using FBGs to perform wavelength
selection on the systems. Two different topologies have been
used to compare the stability performance of these laser topolo-
gies. The first structure comprises a star topology FBG in which
a 2 4 coupler was used to extract the signal from the ring to
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the FBGs. In the second structure, the signal was taken out from
the ring to the FBGs by means of circulators.

There is better power stability for the Raman configuration
using a serial topology with circulators. Finally, OSNRs are al-
ways found to be higher using Raman amplification.
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