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. ] o saturable absorber. Nevertheless, the efficiency of the fiber

13 Abstract—. In this work, a novel single-longitudinal-mode 1 . duced with this techni A fiber B t
14 (SLM) dual-wavelength laser configuration is proposed and aser 15 reduced wi 15 techmque. .1 er ragg grating
15 demonstrated. This laser is based on ring resonators, employs Fabry-Perot cttalon can be also use.d to obtain SLM fiber lasers,
16 fiber Bragg gratings to select the operation wavelengths and  but the spacing between the lasing wavelengths can not be
17 includes a short piece of highly-doped Er-fibers acting as an  large [8].
18 active medium. The stable SLM operation is guaranteed when the The ring fiber lasers are also known to be susceptible to
19 two lasing channels present similar output powers. This behavior ;. power instabilities. These instabilities can degrade the

is shown for different pump powers. . . .
20 performance characteristics of a sensor multiplexing network
21 Index Terms— Erbium-doped fiber (EDF), fiber Bragg grating bgsed on a laser ipterrogation sche'me. The optim'ization of the
22 (FBG), optical fiber ring laser, optical fiber amplifier, ring laser configuration can improve considerably the
23 multiwavelength lasing. characteristics of these lasers.
24 In this paper, a stable dual-wavelength erbium doped fiber
25 ring laser that operates in SLM condition is experimentally
g? L. INTRODUCTION proposed and demonstrated. The laser configuration is based
o8 Stable multiwalength single-mode erbium doped fiber ring  on the serial connection of the FBG using optical circulators
29 lasers (MEDFRL) are very attractive sources for many and the active medium is a highly-doped Er-fibers. This
30 applications in optical fiber sensing, sensor network  topology was previously reported by the authors in [9]-[11].
31 multiplexing schemes and instrument testing due to their — Experimental results of the time stability are also presented.
32 advantages; simple structures, narrow linewidth, and
33 compatibility with other optical fiber components [1], [2]. The II. EXPERIMENTAL SET UP
34 selection of its operation wavelengths has been achieved by The experimental setup of the proposed MEDFRL is shown
35 using different optlcall ﬁlterm'g techmques: Mach—Zehr'lder in Fig. 1. This is a serial configuration based on circulators.
36 filter, arrayed waveguide gratings or fiber Bragg gratings — The wavelength selection is carried out by means of FBGs.
37 (FBG) [3]-[5]. In addition to this, a variety of methods have  The FBGs are centered at 1543.6 nn and 1550.9 nm with a
38 been employed to try maximizing the number stable emission  corresponding full-width at half maximum (FWHM) of 0.842
39 lines. . ' . nm and 0.61 nm, respectively.
40 The erbium doped fiber ring lasers (EDFRL) usually A highly erbium-doped fiber (EDF) (Er-30 by Liekki, with
j; generate multiple lon.gitudinal moFies around the central lasing 4y absorption of 30 dB/m at A=1530 nm) is used, acting as the
43 wavglen.gth due to its long cavity length.ar.ld th}ls narrow  active medium. The length of this EDF was 7 m. Because of
a4 longitudinal mode spacing. This aspect can limit their practical  the high concentration of erbium, the fiber length needed for
45 applications because of the mode competition and the mode  {he cavity was shorter than in other cases [10]. This
46 hopping. To achieve single longitudinal mode (SLM)  configuration was also composed by a 1480/1550nm
47 operation, several approaches have been proposed. In [6] a  wavelength division multiplexer (WDM), a 1480 nm pump
48 multi-ring cavity 18 PTOP05§d to guarantee a SLM operation.  source and a 3dB coupler to incorporate the two FBGs into the
49 However, it is precise to adjust properly the laser parameters.  Jaser cavity. To extract 2% of the laser output power from the
50 In [7] a SLM operation of a fiber ring laser is achieved with a ring, a 98% coupler is used.
51 In this configuration, two circulators were used to insert the
52 Manuscrited received July 31, 2009. This work was supported in part by FBGs _reﬂeCted signals into t}.le_ nng. ensurn'lg unldlrectlopal
53 the Spanish Government project TEC2007-67987-C02 and the European ~ Operation and therefore avoiding the spatial hole-burning
54 project COST-299. (SHB) effect. Because of the use of circulators, inserting
55 M. A. Q. L C.and J. M. L. authors are with the Photonics Engineering  ;cqators were not necessary
56 Group, University of Cantabria, Laboratorio I+D Avda. Los Castros s/n, . T . . .
57 39005 Spain (corresponding author to provide phone: +34942200879; fax: One of the major problems in multiwavelength ring lasers is

+34942200877; e-mail: quintelm @unican.es) that the oscillation threshold power for each wavelength is
o8 RA. PH, M. F. and M. L are with the Departmente of Electric and  different due to the non-uniform shape of the EDF gain profile.
2(9) Electronic Engineering, Public University of Navarra, Pamplona, Spain. As a consequence, variable attenuators (VA) have been
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connected to each FBG in order to correctly adjusting the
cavity losses on each wavelength to achieve oscillation of the
system in all the desired channels. All the free terminations on
both systems have been immersed in refractive-index-matching
gel to avoid undesired reflections.

III. EXPERIMENTAL DEMONSTRATION

The output spectrum of the MEDFRL for a 90 mW pump
power is shown in Fig. 2. The experimental results of this work
were obtained by using a high-resolution optical spectrum
analyzer (BOSA-C Aragon Photonics) which measures optical
spectra with a top combination of high resolution (0.08 pm)
and high dynamic range (>80 dB) at one time. As can be
shown in Fig. 2, as there are two FBGs, two lasing channels
could be obtained. The power of each of the two output
channels is around -16 dBm. For the two channels, the signal
power is more than 45 dB higher than the amplified
spontaneous emission (ASE) noise floor. The pumping
threshold needed to obtain laser emission was around 45 mW.
However, we worked with higher pump power levels to
increment the output power stability, as reported in [11].

The behavior of the longitudinal modes of this fiber laser
was experimentally analyzed using this high-resolution optical
spectrum analyzer. Its spectral resolution has a lower value
than the mode spacing between the longitudinal modes of the
ring, given by

2
Al = i— Ec. 1
nL

where n is the refractive index, L is the ring length and A is the
central mode wavelength. As a consequence, we can verify the
single longitudinal mode (SLM) operation condition.

We have measured different optical spectra corresponding
to different values of pump powers and working conditions
(dual or single-wavelength operations at A, or A,),. The optical
spectrum of the first lasing channel (A;= 1543.6 nm) around
centered mode wavelength in a single-wavelength operation
for a pump power of 90 mW is shown by Fig. 3. As can be
shown, multiple longitudinal modes are supported by the
cavity. This spectral measurement was tested for several levels
of pump power. We observed a broadening of the laser
linewidth when the pump power increases. For example, for a
pump power of 75 mW, a FWHM linewidth of 3.25 GHz was
measured, however when a pump power of 90 mW was used,
the FWHM linewidth increases to 4.5 GHz The broadening of
the laser linewidth is related with the irruption of additional
longitudinal modes when the gain value rises up. Fig. 4 shows
the output spectra of the two lasing channels in a dual-
wavelength operation for a reduced wavelength span around
each centered mode wavelength. In this case, the pump power
is 90 mW and the power difference between both channels is
about 0.5 dB. The optical spectrum of the first channel (A=
1543.6 nm) for a wavelength span of 56.4 pm with 5.64
pm/div is shown in Fig. 4(a). The one of the second channel
(A,=1550.9 nm) for a wavelength span of 47 pm with 4,7
pm/div are shown in Fig 4(b).

2

As can be shown in these figures, this laser presents a SLM
operation condition in both channels. These measurements
have been repeated at different pump powers from 45 mW to
100 mW. In all cases, a SLM operation in both channels is
achieved when the two lasing wavelengths are oscillating
simultaneously with similar output powers. The reason of this
SLM operation when we have two channels oscillating at the
same time is being studied currently and will be published
elsewhere. A possible explanation of this behavior is the self
injection seeding. The seed light of one channel is then
produced from the other channel, and vice versa [12]. So that,
the mode competition is reduced and an improved SLM
operation in both channels is obtained.

The power of the laser output can suffer some changes with
the time. For this reason, the temporal variations of the output
power were also measured and analyzed on this MEDFRL.
The instability is defined as the output power for a given
interval of time (hours) and a specific confidence level (CL).
This is the probability value associated with a confidence
interval, given as a percentage. The confidence interval (CI) is
the estimated range of values where the parameter of interest is
included. We have tested the laser during a period of 6 hours.
The measured data have been stored each 15 seconds and a CL
of 90% was considered. Just to give a data, at room
temperature the power averaged variation with CL=90% and
Ppump=100mW was about 1.2 dB for A;=1543.6 nm, and
about 0.9 dB for A,=1550.9 nm. Thus, we can conclude that
both channels present good output power stability.

IV. CONCLUSION

A stable dual-wavelength erbium-doped fiber ring laser has
been achieved by using FBGs to perform wavelength selection
on the systems. In a single-wavelength operation of this laser,
we have experimentally demonstrated that multiple
longitudinal modes are supported by the cavity. However, for
similar pumping levels, we achieve a single-mode operation of
the laser when we emit simultaneously two wavelengths using
a special ring cavity configuration. The stable SLM operation
is guaranteed if the output power of both channels is similar.
This implies that it is possible to avoid the utilization of
additional optical filtering techniques (that reduce the optical
efficiency) to achieve the SLM operation. There is also good
power stability of this laser that uses a serial topology
involving circulators.
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Reviewer: 1

We appreciate the positive referee’s comments. \Weeea with all remarks and
comments. And we have taken them into consideratiotine revised manuscript in
order to improve its quality.

In the following pages each of the referee demardsanswered and changes in the
paper highlighted (sedersion with changes.pdf file).

1. The paper tried to demonstrate a single-longalénode (SLM) dual-wavelength
ring laser, but the demonstration was not convigcAs point out in [R1], two issues
must be carefully addressed to ensure a stableatoperof an SLM dual-wavelength
erbium-doped fiber laser. The first is to reduce tmode competition and the second is
to eliminate multi-longitudinal-mode oscillation.

In order to clarify these aspects next paragraghbeen included in order to explain
that once the SLM has been obtained the mode caopeand mode hopping is not
produced:

As reported in previous works [12] a SLM fiber ritager can be made to annihilate
the mode competition with an auxiliary lasing. lmstwork, owing to the interaction of
the seed light produced from one channel to therathe and vice versa [13], multiple-
longitudinal-mode oscillation can be suppressedcas be seen in Fig 4(a) and (b),
and thus the mode competition and mode hoppingtiproduced. Therefore, the laser
oscillation is rather stable.

2. For the first issue, the authors refer to sejédtion seeding (but no details are
provided). To my best knowledge, the dual-wavelergyeration in this configuration
is due to carefully balancing of the cavity losdlté two wavelength channels [R2] and
is also because of the relative large wavelengdicisg (7.3 nm). The operation of such
lasers has been well and sufficiently studied.

In fact, in order to obtain a simultaneous dual-@lamgth operation in this
configuration, firstly we select two FBGs inside thmplification band of the Er-doped
fiber to generate the lasing wavelengths and aéetsv the cavity losses of each
wavelength have to be adjusted; in our case usar@@hle attenuators (VAS). This
explanation can be found in the next paragraphepaper:

One of the major problems in multiwavelength riragdrs is that the oscillation
threshold power for each wavelength is differen¢ doi the non-uniform shape of the
EDF gain profile. As a consequence, variable atetdars (VA) have been connected to
each FBG in order to correctly adjusting the caviosses on each wavelength to
achieve oscillation of the system in all the desithannels.

3._ For the second issue, the authors at first gége3 to show that the laser easily
oscillates with multiple longitudinal modes, ancnhreleased Fig. 4 to describe the
SLM oscillation (no explain is provided to addréiss conversion from multiple modes
to single mode), which is totally confusing.
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Once a simultaneous dual-wavelength operation imimdd, next step consists of
annihilating the multi-longitudinal-mode oscillatiamf each channel that is, obtaining
monomode behavior for each channealgndA,). In this work a SLM operation in both
channels has been achieved when the two lasing levegtes are oscillating
simultaneously with similar output powers by usihg VAs to adjust the cavity losses.

The reason of this SLM operation when we have thanaels oscillating at the same
time is being studied currently and will be pubédhelsewhere. A SML operation can
be also obtained by using an external source idsté¢he one of the FBGs or even by
means of different wavelength spacing between B@g; as we experimentally carried
out in a number of preliminary studies. In addittorthis, that SML operation has been
verified for different pump power levels. Becaudehis, we can conclude, such as is
shown in the paper, that:

In all caseqfor all the studied pump power levelg) SLM operation in both channels is
achieved when the two lasing wavelengths are asicij simultaneously with similar
output powers by using the VAs to adjust the céodtyes. |[...]

This SML operation can be also obtained by usingxernal source instead of the one
of the FBGs or even by means of different wavetesigacing between the FBGs, as we
experimentally carried out in a number of prelimipatudies. [...]

In this work, owing to the interaction of the sdigtit produced from one channel to the
other one and vice versa [13], multiple-longitudimaode oscillation can be suppressed,
as can be seen in Fig 4(a) and (b), and thus thdentompetition and mode hopping is
not produced. Therefore, the laser oscillationather stable.

On the other hand, Fig 3 shows the optical specfaurthe first channel\;) when only
this channel is oscillating. This situation wasaiiéd using the VAs to adjust the cavity
losses. In that case, multiple-longitudinal-modppear around the central wavelength
(A1), as can be seen in this figure.

However Fig 4 shows the optical spectrum when ladtannels are simultaneously
oscillating with a very low power difference betwethe two channels (around 0.5dB).
Under these work conditions a SML operation is iole@é for both channels at the same
time.

In order to clarify this aspect this paragraph lb@sn modified as next:
Fig. 4 shows the output spectra of the two lasihgnoels in a dual-wavelength

operation with_similar_output powers for a reduced wavelength span around each
centered mode wavelength.

4. In addition, the laser has a similar configunatas that reported in [9]-[11], so the
paper lacks novelty.

As the reviewer suggested this configuration has hmeviously reported in [9]-[11] by

the authors. However, in these previous works ateleent temporal stability was

experimentally demonstrated against typical comfijans but the longitudinal mode

for different laser conditions were either analypedtudied. Due to this is an important
aspect for the different applications of the mudtielength lasers.
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In this work has been experimentally demonstratet] thanks to the advantages of the
innovative BOSA-C technology, and by using thatfigaration, a SLM operation can
be obtained for some particular system requirements

In order to highlight this novelty, next paragrdpds been added at the end of the first
section.

©CoO~NOUTA,WNPE

12 However, in this paper, the possibility to obtain sangle-mode behavior is
13 experimentally demonstrated by using a high-resmhuoptical spectrum analyzer.
14 Experimental results of the good time stabilityanted in the single-mode regime are
15 also presented.
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Reviewer: 2

We appreciate the positive referee’s comments. \Weeea with all remarks and
comments. And we have taken them into consideratiotine revised manuscript in
order to improve its quality.

In the following pages each of the referee demardsanswered and changes in the
paper highlighted (sedersion with changes.pdf file).

Recommendation: C = This Paper Is Borderline. Reeommendation To Publish Or
Reject Depends On The Authors Response To My Cortsmen

Comments:

This paper experimentally demonstrates a dual-veangth erbium doped fiber ring
laser which operates in single longitudinal modeM$ Such laser configuration with
circulators was previously proposed by the autlidrd IGHTW. TECHNOL. Vol. 27
No. 14. pp.2563) and showed some advantages sughaa stability both in emission
power and wavelength. Here, the authors reportr thether discovery that SLM
operation can also be obtained in such topologipms as the output power from two
channels is similar. The experimental results ateresting and valuable for SLM
research area. In conclusion, the manuscript cbelduitable for publication if the
authors can address the following points.

1. The reflectivity of two FBG should be added.
We totally agree with the referee so this informatnas been added to the paper.

The wavelength selection is carried out by meansSBsBs with a reflectivity of about
98%.

2. It is well known that mode hopping is inevitalbbe fiber ring lasers with long cavity.
The author's comment leaves the impression thatlaber could always operate in
stable SLM and mode-hopping never happens. The emnon mode-hopping of the
laser should be added.

As the reviewer suggested, this new paragraph aednoore reference about mode-
hopping has been included:

As reported in previous works [12] a SLM fiber rilager can be made to annihilate the
mode competition with an auxiliary lasing. In thverk, owing to the interaction of the

seed light produced from one channel to the othex and vice versa [13], multiple-

longitudinal-mode oscillation can be suppressedcas be seen in Fig 4(a) and (b),
and thus the mode competition and mode hoppingtiproduced. Therefore, the laser
oscillation is rather stable.

[12] J. Sun and L. Huang, “Single-longitudinal-moélber ring laser using internal
lasing injection and self-injection feedback,” Qqati Engineering, vol. 46, n. 7, (2007),
pp. 074201-1-6.



Page 13 of 23

©CoO~NOUTA,WNPE

Photonics Technology Letters

3. The authors measured a broad bandwidth whensmgle-wavelength operation.
Could the authors add the linewidth value in duals@length operation?

In order to answer this question, this sentencebkas included.

Also for this pump power level, a FWHM linewidth ©6 MHz and 6 MHz were
measured for the first and second channels indihdgr.

4. Can the laser sustain SLM operation if the pyoower is much larger than 90mw?
The SLM operation can only be achieved in a limiaage?

Yes, this laser can sustain SLM operation if thenpuypower is higher than 90mWw.

Besides, the SLM operation is not limited for a @fie@ pump power range. These

measurements were repeated at different pump pdveens45 mW to 100 mW due to

the available source we used only works in thigearso we chose a pump power of
90mW only as a sample of this behavior.

In addition to this, as it was previously propodey the authors [11], using this
configuration, a good stability both in emissionmMgo and wavelength were obtained
from a pump power of about 90mW.

In order to clarify these aspects next paragraple been included:

These measurements have been repeated at differemt powers from 45 mW to 100
mW.In all cases, a SLM operation in both channels éhiaved when the two lasing
wavelengths are oscillating simultaneously withilsinoutput powers by using the VAs
to adjust the cavity losses. As it was previopsbposed by the authors [11], using this
configuration, a good stability both in emissiorwmy and wavelength were obtained
from a pump power of about 90mW.

Also reference [11] has been replaced by next wmeder to clear up this feature:

[11] R.A. Pérez-Herrera, M.A. Quintela, M. FernaaeMallejo, A. Quintela, M.
Lopez-Amo, J.M. Lopez-Higuera, “Stability compans®f two ring resonator
structures for multiwavelength fiber lasers usinghty doped Er-fibers,” Journal of
Lightwave Technology, vol. 27, n. 14, (2009), f63225609.

5. The authors attribute the single longitudinaldemoperation to self injection seeding.
This explanation is too simple and hard to undadt&ome more detailed analysis is
expected.

Regarding to this and as the reviewer previousgigsested, this new paragraph and one
more reference about mode-hopping has been included

As reported in previous works [12] a SLM fiber rilager can be made to annihilate the
mode competition with an auxiliary lasing. In tlnerk, owing to the interaction of the
seed light produced from one channel to the other and vice versa [13], multiple-
longitudinal-mode oscillation can be suppressedcas be seen in Fig 4(a) and (b),
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and thus the mode competition and mode hoppingptiproduced. Therefore, the laser
oscillation is rather stable.

[12] J. Sun and L. Huang, “Single-longitudinal-moélber ring laser using internal
lasing injection and self-injection feedback,” Qqati Engineering, vol. 46, n. 7, (2007),
pp. 074201-1-6.
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Reviewer: 3

We appreciate the positive referee’s comments. \Weeea with all remarks and
comments. And we have taken them into consideratiotine revised manuscript in
order to improve its quality.

In the following page each of the referee demandsaaswered and changes in the
paper highlighted (please séersion with changes.pdf file).

Recommendation: B = This Paper Contains New Andomant Information But
Requires Moderate Revisions.

Comments:

The authors present a simple cavity configuratmmealize a stable, dual-wavelngth,
single longitudinal mode operation at around 1550Aine paper is well written.
However there are a few technical details (listelbw) that | believe would require for
it to become a publishable article.

1. Since there is no polarization controlling elaitseinside the ring cavities - did the
author notice any change in laser stability whdguating the VAs for different levels of
pump powers? What limits the maximum pump powerQifmWw?

When similar output power was obtained for bothneteds (by properly using the
VAs), any change in laser stability was notice ddferent levels of pump powers. In
order to clarify this question, next paragraph hasn added to the paper. The pump
power limitation comes from our available pump fase

In all cases, a SLM operation in both channels is achieved when the two lasing
wavelengths are oscillating simultaneously with similar output powers by using the VAs
to adjust the cavity losses.

2. Page 2, col. 1, line 17 - "For the two channels(ASE) noise floor". Does this
statement hold true for low OSA resolution settings1lnm?

The high-resolution optical spectrum analyzer used a BOSA-C, which directly
measures the peak power levels. Therefore, theesalbtained are independent of the
spectral resolution used, unlike the values medswith an OSA where the resulting
measurement is related to the spectral power gensit

3. Page 2, col. 1, line 27 - "Its spectral resoluti... (SLM) operation condition”. The
authors mentioned the length of the EDF only betrehis no indicaiton of the total
cavity length of the two rings to perform the nesaey calculations.

We totally agree with the referee comment so thigrmation has been included in the
text:

The length of this EDF was 7 m and the total cavity length was 14 m.

4. Page 2, col. 2, line 10 - "A possible explamatia both channels is obtained."
According to reference 12, one would require sutiethamount of seed power for
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injection locking a laser. Can the authors exptam origin of such large seed powers
assuming FBGs have relatively high sideband supme$~20dB)?

The SML operation can be also obtained by usingxaernal source instead of the one
of the FBGs, as we experimentally carried out imajhal studies. Because of this, we
can conclude that the sideband suppression of Bi@&sFt is not relevant in our case to
obtain the seed power for injection locking theetapeing the reflectivity of the FBGs

the key parameter.

5. The authors claimed that the source is tempostdible and provided some numbers
to justify the claim. The source might be stableaclonger time scale but | would like
to see the rf plots (electrical spectra as showrefarence 6) of the two competing
wavelengths showing both low and high frequency paments (from Hz to hundreds
of MHZz) to support the stability claim. The currdfigure 4 which is simply zooming
the spectra of the two wavelengths already captureldigure 2 can be removed to
accommodate these rf plots.

This work has been totally carried out in the agtobomain due to the advantages of the
innovative BOSA-C technology, unlike previous wogdsout this aim where the use of
electrical spectrum analyzer was essential in adimetudy the SLM operation (such as
is shown in [6]), with the corresponding drawbackiis BOSA technology is the
reunion of real high resolution with high dynamange at a time and for a real time
measurement.
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Stabilization of dual-wavelength erbium doped
ring fiber lasers by single-mode operation

M. Angeles Quintela, Rosa Ana Pérez-Herrera, Irene Canales, Monserrat Ferndndez-Vallejo, Manuel
Lépez-Amo Senior Member, IEEE and Jose Miguel Lopez-Higuera, Senior Member, IEEE

Abstract—. In this work, a novel single-longitudinal-mode
(SLM) dual-wavelength laser configuration is proposed and
demonstrated. This laser is based on ring resonators, and employs
fiber Bragg gratings to select the operation wavelengths. It
includes a short piece of highly-doped Er-fiber that acts as the
active medium. The stable SLM operation is guaranteed when the
two lasing channels present similar output powers. This behavior
is shown for different pump powers.

Index Terms— Erbium-doped fiber (EDF), fiber Bragg grating
(FBG), optical fiber ring laser, optical fiber amplifier,
multiwavelength lasing.

I. INTRODUCTION

Stable multiwalength single-mode erbium doped fiber ring
lasers (MEDFRL) are very attractive sources for many
applications 1in optical fiber sensing, sensor network
multiplexing schemes and instrument testing due to their
advantages; simple structures, narrow linewidth, and
compatibility with other optical fiber components [1], [2]. The
selection of its operation wavelengths has been achieved by
using different optical filtering techniques: Mach-Zehnder
filter, arrayed waveguide gratings or fiber Bragg gratings
(FBG) [3]-[5]. In addition to this, a variety of methods have
been employed to try maximizing the number stable emission
lines.

The erbium doped fiber ring lasers (EDFRL) usually
generate multiple longitudinal modes around the central lasing
wavelength due to its long cavity length and—thus—narrew
longitudinal-mede-spaeing. This aspect can limit their practical
applications because of the mode competition and the mode
hopping. To achieve single longitudinal mode (SLM)
operation, several approaches have been proposed [6]-[8]. In
6] g . od SLM

on LI e . ’ lv_the_las
o In (7] a SLM . f o gl me laser_ic
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The ring fiber lasers are also known to be susceptible to
output power instabilities. These instabilities can degrade the
performance characteristics of a sensor multiplexing network
based on a laser interrogation scheme. The optimization of the
ring laser configuration can improve considerably the
characteristics of these lasers.

In this paper, a stable dual-wavelength erbium doped fiber
ring laser that operates in SLM condition is experimentally
proposed and demonstrated. The laser configuration is based
on the serial connection of the FBG using optical circulators
and the active medium is a highly-doped Er-fibers. This
topology was previously reported by the authors in [9]-[11].
However, in this paper, the possibility to obtain a single-mode
behavior is experimentally demonstrated by using a high-
resolution optical spectrum analyzer. Experimental results of
the good time stability obtained in the single-mode regime are
also presented.

II. EXPERIMENTAL SET UP

The experimental setup of the proposed MEDFRL is shown
in Fig. 1. This is a serial configuration based on circulators.
The wavelength selection is carried out by means of FBGs
with a reflectivity of about 98%. These FBGs are centered at
1543.6 nn and 1550.9 nm with a corresponding full-width at
half maximum (FWHM) of 0.842 nm and 0.61 nm,
respectively.

A highly erbium-doped fiber (EDF) (Er-30 by Liekki, with
an absorption of 30 dB/m at A=1530 nm) is used, acting as the
active medium. The length of this EDF was 7 m and the total
cavity length was 14 m. Because of the high concentration of
erbium, the fiber length needed for the cavity was shorter than
in other cases [10]. This configuration was also composed by a
1480/1550nm wavelength division multiplexer (WDM), a
1480 nm pump source and a 3dB coupler to incorporate the
two FBGs into the laser cavity. To extract 2% of the laser
output power from the ring, a 98% coupler is used.

In this configuration, two circulators were used to insert the
FBGs reflected signals into the ring, ensuring unidirectional
operation and therefore avoiding the spatial hole-burning
(SHB) effect. Because of the use of circulators, it was not
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necessary to introduce isolators inside the cavity.

One of the major problems in multiwavelength ring lasers is
that the oscillation threshold power for each wavelength is
different due to the non-uniform shape of the EDF gain profile.
As a consequence, variable attenuators (VA) have been
connected to each FBG in order to correctly adjusting the
cavity losses on each wavelength to achieve oscillation of the
system in all the desired channels. All the free terminations on
both systems have been immersed in refractive-index-matching
gel to avoid undesired reflections.

III. EXPERIMENTAL DEMONSTRATION

The output spectrum of the MEDFRL for a 90 mW pump
power is shown in Fig. 2. The experimental results of this work
were obtained by using a high-resolution optical spectrum
analyzer (BOSA-C Aragon Photonics) which meastres—the
optical—speetrom—that offers simultaneously a with—a—tep
combination—of high resolution (0.08 pm) and a high dynamic
range (>80 dB) at-ene—time. As can be shown in Fig. 2, as
there—are using two FBGs, two lasing channels eeuld-be are
obtained. The power of each of the two output channels is
around -16 dBm. For the two channels, the signal power is
more than 45 dB higher than the amplified spontaneous
emission (ASE) noise floor. The pumping threshold needed to
obtain laser emission was around 45 mW. However, we
worked with higher pump power levels to increment the output
power stability, as reported in [11].

The behavior of the longitudinal modes of this fiber laser
was experimentally analyzed using this high-resolution optical
spectrum analyzer. Its spectral resolution has a lower value
than the mode spacing between the longitudinal modes of the
ring, given by

2
AA = ﬁ“_ Ec. 1
nL

where n is the refractive index, L is the ring length and A is the
central mode wavelength. As a consequence, we can verify the
single longitudinal mode (SLM) operation condition.

We have measured different optical spectra corresponding
to different values of pump powers and working conditions
(dual or single-wavelength operations at A; or A,). The optical
spectrum of the first lasing channel (A;= 1543.6 nm) around
centered mode wavelength in a single-wavelength operation
for a pump power of 90 mW is shown by Fig. 3. As can be
shown, multiple longitudinal modes are supported by the
cavity. This spectral measurement was tested for several levels
of pump power. We observed a broadening of the laser
linewidth when the pump power increases. For example, for a
pump power of 75 mW, a FWHM linewidth of 3.25 GHz was
measured, however when a pump power of 90 mW was used,
the FWHM linewidth increases to 4.5 GHz. The broadening of
the laser linewidth is related with the irruption of additional
longitudinal modes when the gain value rises. Fig. 4 shows the
output spectra of the two lasing channels in a dual-wavelength
operation with similar output powers for a reduced wavelength
span around each eentered single-mode emitted wavelength. In

2

this case, the pump power is 90 mW and the power difference
between both channels is about 0.5 dB. The optical spectrum
of the first channel (A;= 1543.6 nm) for a wavelength span of
56.4 pm with 5.64 pm/div is shown in Fig. 4(a). The one of the
second channel (,=1550.9 nm) for a wavelength span of 47
pm with 4.7 pm/div are shown in Fig 4(b). Also for this pump
power level, a FWHM linewidth of 7.5 MHz and 6 MHz were
measured for the first and second channels in that order.

As can be shown in these figures, this laser presents a SLM
operation condition in both channels. These measurements
have been repeated at different pump powers from 45 mW to
100 mW. In all cases, a SLM operation in both channels is
achieved when the two lasing wavelengths are oscillating
simultaneously with similar output powers by using the VAs to
adjust the cavity losses. As it was previously proposed by the
authors [11], using this configuration, a good stability both in
emission power and wavelength were obtained from a pump
power of about 90mW.

This SML operation can be also obtained by using an
external source instead of the one of the FBGs or even by
means of different wavelength spacing between the FBGs, as
we experimentally carried out in a number of preliminary
studies. The reason of this SLM operation when we have two
channels oscillating at the same time is being studied currently
and will be published elsewhere. A possible explanation of this

behavior is the self injection seeding. Fhe—seedtishtofone
| i d luced_f | | | I and_vi
[131. Se-that.d | e luced—and
1 I SLM - onin_both_channels_is_obtained_As
reported in previous works [12] a SLM fiber ring laser can be
made to annihilate the mode competition with an auxiliary
lasing. In this work, owing to the interaction of the seed light
produced from one channel to the other one and vice versa
[13], multiple-longitudinal-mode  oscillation can be
suppressed, as can be seen in Fig 4(a) and (b), and thus the
mode competition and mode hopping is not produced.
Therefore, the laser oscillation is rather stable.

The power of the laser output can suffer some changes with
the time. For this reason, the temporal variations of the output
power were also measured and analyzed on this MEDFRL.
The instability is defined as the output power for a given
interval of time (hours) and a specific confidence level (CL).
This is the probability value associated with a confidence
interval, given as a percentage. The confidence interval (CI) is
the estimated range of values where the parameter of interest is
included. We have tested the laser during a period of 6 hours.
The measured data have been stored each 15 seconds and a CL
of 90% was considered. Just to give a data, at room
temperature the power averaged variation with CL=90% and
Ppump=100mW was about 1.2 dB for A;=1543.6 nm, and
about 0.9 dB for A,=1550.9 nm. Thus, we can conclude that
both channels present good output power stability.

IV. CONCLUSION

A stable dual-wavelength erbium-doped fiber ring laser has
been achieved by using FBGs to perform wavelength selection
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on the systems. In a single-wavelength operation of this laser,
we have experimentally demonstrated that multiple
longitudinal modes are supported by the cavity. However, for
similar pumping levels, we achieve a single-mode operation of
the laser when we emit simultaneously two wavelengths using
a special ring cavity configuration. The stable SLM operation
is guaranteed if the output power of both channels is similar.
This implies that it is possible to avoid the utilization of
additional optical filtering techniques (that reduce the optical
efficiency) to achieve the SLM operation. There is also good
power stability of this laser that uses a serial topology
involving circulators.
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Fig.1. Experimental setup of the EDFRL using a serial topology involving
circulators.
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Fig. 2. Output optical spectrum measured by the BOSA for the MEDFRL
circulators configuration and a pump power of 90 mW.
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Fig. 4. Details of the output optical spectrum (a) for the first channel (A=
1543.6 nm) and (b) for the second channel (A= 1550.9 nm) at dual-
wavelength operation.
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Abstract—. In this work, a novel single-longitudinal-mode
(SLM) dual-wavelength laser configuration is proposd and
demonstrated. This laser is based on ring resonatsy and
employs fiber Bragg gratings to select the operatiowavelengths.
It includes a short piece of highly-doped Er-fiberthat acts as the
active medium. The stable SLM operation is guaranted when
the two lasing channels present similar output pows. This
behavior is shown for different pump powers.

Index Terms— Erbium-doped fiber (EDF), fiber Bragg grating
(FBG), optical fiber ring laser, optical fiber amplifier,
multiwavelength lasing.

I. INTRODUCTION
Stable multiwalength single-mode erbium doped fitieg

characteristics of these lasers.

In this paper, a stable dual-wavelength erbium ddjieer
ring laser that operates in SLM condition is expemtally
proposed and demonstrated. The laser configuradidrased
on the serial connection of the FBG using opti¢edutators
and the active medium is a highly-doped Er-fibeFfis
topology was previously reported by the author$9ir[11].
However, in this paper, the possibility to obtaisirgle-mode
behavior is experimentally demonstrated by usingigh-
resolution optical spectrum analyzer. Experimengsllts of
the good time stability obtained in the single-moegime are
also presented.

Il. EXPERIMENTAL SET UP
The experimental setup of the proposed MEDFRL @snsh

lasers (MEDFRL) are very attractive sources for ynanin Fig. 1. This is a serial configuration basedainzulators.
applications in optical fiber sensing, sensor nekwo The wavelength selection is carried out by mean&BGs

multiplexing schemes and instrument testing duethiir
advantages; simple structures, narrow
compatibility with other optical fiber componentq,[[2]. The
selection of its operation wavelengths has beeieaetl by
using different optical filtering techniques: MaZehnder
filter, arrayed waveguide gratings or fiber Bragmptongs
(FBG) [3]-[5]. In addition to this, a variety of nieds have
been employed to try maximizing the number stabiéssion
lines.

with a reflectivity of about 98%. These FBGs arateeed at

linewidth,d an543.6 nn and 1550.9 nm with a corresponding fidltwat

half maximum (FWHM) of 0.842 nm and 0.61 nm,
respectively.

A highly erbium-doped fiber (EDF) (Er-30 by Liekkiith
an absorption of 30 dB/m at1530 nm) is used, acting as the
active medium. The length of this EDF was 7 m dradtbtal
cavity length was 14 m. Because of the high comagnh of
erbium, the fiber length needed for the cavity wlasrter than

The erbium doped fiber ring lasers (EDFRL) usuallyn other cases [10]. This configuration was alsmposed by

generate multiple longitudinal modes around thdreétasing
wavelength due to its long cavity length. This asman limit
their practical applications because of the modapmiition
and the mode hopping. To achieve single longitudinade
(SLM) operation, several approaches have been peap[®]-
[8]. The ring fiber lasers are also known to becsptible to
output power instabilities. These instabilities clegrade the
performance characteristics of a sensor multiptgxietwork
based on a laser interrogation scheme. The optimizaf the
ring laser configuration can improve considerablye t
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a 1480/1550nm wavelength division multiplexer (WDM)
1480 nm pump source and a 3dB coupler to incorpais
two FBGs into the laser cavity. To extract 2% oé tlaser
output power from the ring, a 98% coupler is used.

In this configuration, two circulators were usedrsert the
FBGs reflected signals into the ring, ensuring ireadional
operation and therefore avoiding the spatial haiatimg
(SHB) effect. Because of the use of circulatorsywés not
necessary to introduce isolators inside the cavity.

One of the major problems in multiwavelength riagdrs is
that the oscillation threshold power for each wemgth is
different due to the non-uniform shape of the ED&ing
profile. As a consequence, variable attenuators)(¥iave
been connected to each FBG in order to correcflystidg the
cavity losses on each wavelength to achieve o8oitlaof the
system in all the desired channels. All the fremibeations on
both systems have been immersed in refractive-index
matching gel to avoid undesired reflections.
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Ill.  EXPERIMENTAL DEMONSTRATION have been repeated at different pump powers froom\sto

The output spectrum of the MEDFRL for a 90 mw pum@00 mW. In all cases, a SLM operation in both clegsiis
power is shown in Fig. 2. The experimental resofshis ~achieved when the two lasing wavelengths are asiof
work were obtained by using a high-resolution atic S|muIFaneoust Wlth similar output powers 'by usthg VAs
spectrum analyzer (BOSA-C Aragon Photonics) whitfare {0 adjust the cavity losses. As it was previoysigposed by

simultaneously a high resolution (0.08 pm) and ghhi the authors [11], using this configuration, a gstability both
in emission power and wavelength were obtained frm

dynamic range (>80 dB). As can be shown in Figusing
two FBGs, two lasing channels are obtained. Theegpood
each of the two output channels is around -16 dBom.the
two channels, the signal power is more than 45 idBdr than
the amplified spontaneous emission (ASE) noiserfldde

pump power of about 90mW.

This SML operation can be also obtained by using an

external source instead of the one of the FBGsven eby
means of different wavelength spacing between B@dg; as

pumping threshold needed to obtain laser emissi@s wWe €xperimentally carried out in a number of préelany
around 45 mW. However, we worked with higher pumgtudies. The reason of this SLM operation when aseeftwo

power levels to increment the output power stahilias
reported in [11].

The behavior of the longitudinal modes of this fitbeser
was experimentally analyzed using this high-resotubptical
spectrum analyzer. Its spectral resolution haswaerdovalue
than the mode spacing between the longitudinal siadi¢he
ring, given by

2

=2

nL

where n is the refractive index, L is the ring ldngndA is

Ec. 1

channels oscillating at the same time is beingistudurrently
and will be published elsewhere. A possible explianaof
this behavior is the self injection seeding.

As reported in previous works [12] a SLM fiber rifaper
can be made to annihilate the mode competition \aith
auxiliary lasing. In this work, owing to the inteteon of the
seed light produced from one channel to the othmer and
vice versa [13], multiple-longitudinal-mode osdiitan can be
suppressed, as can be seen in Fig 4(a) and (b)thasdthe

mode competition and mode hopping is not produced.

Therefore, the laser oscillation is rather stable.

the central mode wavelength. As a consequence, ame ¢ The power of the laser output can suffer some obsamgth

verify the single
condition.

We have measured different optical spectra corredipg
to different values of pump powers and working dbods
(dual or single-wavelength operations\ator A,). The optical
spectrum of the first lasing channé&h£ 1543.6 nm) around
centered mode wavelength in a single-wavelengthratipa
for a pump power of 90 mW is shown by Fig. 3. As te
shown, multiple longitudinal modes are supported thg
cavity. This spectral measurement was tested faraélevels

longitudinal

mode (SLM) operationthe time. For this reason, the temporal variatiohthe output
power were also measured and analyzed on this MEDFR

The instability is defined as the output power forgiven
interval of time (hours) and a specific confideteeel (CL).
This is the probability value associated with a fience
interval, given as a percentage. The confiden@aat (Cl) is
the estimated range of values where the paraméiatevest
is included. We have tested the laser during aopeodf 6
hours. The measured data have been stored eackcdbds
and a CL of 90% was considered. Just to give a dataom
temperature the power averaged variation with Cl&%hd

of pump power. We observed a broadening of therlasﬁpumpleOmW was about 1.2 dB f=1543.6 nm, and

linewidth when the pump power increases. For exanfpl a
pump power of 75 mW, a FWHM linewidth of 3.25 GHaswv

measured, however when a pump power of 90 mW wed, us

the FWHM linewidth increases to 4.5 GHz. The brourwadg of
the laser linewidth is related with the irruptiof additional
longitudinal modes when the gain value rises. &ighows the
output spectra of the two lasing channels in a-tislelength
operation with similar output powers for a
wavelength span around each single-mode
wavelength. In this case, the pump power is 90 nmd/ the
power difference between both channels is aboutlB.5The
optical spectrum of the first channél;£ 1543.6 nm) for a
wavelength span of 56.4 pm with 5.64 pm/div is shawFig.
4(a). The one of the second chane1550.9 nm) for a
wavelength span of 47 pm with 4.7 pm/div are shawfig
4(b). Also for this pump power level, a FWHM linalth of
7.5 MHz and 6 MHz were measured for the first aadosd
channels in that order.

As can be shown in these figures, this laser pteseSLM
operation condition in both channels. These measemés

reduce
emitt

about 0.9 dB foA,=1550.9 nm. Thus, we can conclude that

both channels present good output power stability.

IV. CONCLUSION

A stable dual-wavelength erbium-doped fiber ringelahas
been achieved by using FBGs to perform wavelengjfition

gn the systems. In a single-wavelength operatiothisflaser,
wWe have experimentally demonstrated that multiple

ongitudinal modes are supported by the cavity. esy, for
similar pumping levels, we achieve a single-moderation of
the laser when we emit simultaneously two wavelesgsing
a special ring cavity configuration. The stable Shpkration
is guaranteed if the output power of both chaniseEmilar.
This implies that it is possible to avoid the wutliion of
additional optical filtering techniques (that redute optical
efficiency) to achieve the SLM operation. Theraliso good
power stability of this laser that uses a serigbotogy
involving circulators.
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