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Abstract: By controlling the polarization state of a simple ring erbium-doped fiber laser with
photonics crystal fiber, polarization controller (PC) and tunable band-pass filter, this paper
demonstrates stable operation of narrow spacing dual-wavelength fiber laser (DWFL). The
flexibility of the tunable band-pass filter and PC allows the spacing tuning of the DWFL from
80 pm up to 600 pm. Such tuning ability offers flexibility in the application of DWFL, parti-
cularly in tunable microwave generation and radio over fiber. Throughout the experiment,
the DWFL shows high power stability within 0.6 dB and wavelength shift of less than 10 pm.
In addition to that, it also produces a narrow linewidth optical output of 3 pm with a high
signal to noise ratio of more than 60 dB.

Index Terms: Dual-wavelength, erbium-doped fiber laser (EDFL), narrow spacing,
polarization dependent loss (PDL).

1. Introduction

Optical technology development is growing dramatically in many applications such as optical
communication systems, optical sensors, optical instrument testing, and fine spectroscopy due to
its advantages over conventional electrical systems. Towards the popularization of optical applica-
tions, demands such as broader bandwidth, larger capacity, and multipurpose sensing have been
on the rise. In this case, multi-wavelength fiber lasers have attracted a lot of interest in recent years
to fulfil the great demand of various industrial applications. Within multi-wavelength applications,
dual-wavelength fiber laser (DWFL) is an interesting field as it is important in special applications
such as differential-absorption-LIDAR (DIAL) [1] measurement and generation of soliton pulse
trains, beat signals at microwave frequencies [2], [3] and as terahertz sources [4]. Erbium-doped
fibers (EDFs) are the most commonly used gain medium in fiber laser setup including multi-
wavelength laser in both experimental and numerical simulation [5]. In addition to that, EDF lasers
also offers flexibility such as wide tunability in laser operating wavelength for different applications
[6], [7]. However, strong mode competition induced by the homogeneous broadening of EDF [8] has
become the main challenge to achieve stable multi-wavelength oscillation in room temperature.
Various methods have been proposed to realize the multi-wavelength operation at room tem-
perature by reducing cross-gain saturation and suppressing mode competition. These include
polarization hole burning (PHB) effect [9], frequency-shifted feedback [10], cascaded stimulated
Brillouin scattering [11] and four wave mixing [12]. In this paper, a simple EDF laser (EDFL) with a
short length of highly nonlinear photonic crystal fiber (HN-PCF) incorporated in a ring cavity
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Fig. 1. Experimental setup of PDL based DWFL.

configuration is proposed to achieve stable and narrow spacing DWFL utilizing polarization
dependent loss (PDL) effect. The setup is inexpensive and has the further advantage of a simple
structure, adjustable narrow spacing of DWFL, and stable output.

2. Experimental Setup

The configuration of the DWFL system based on the PDL controlling is schematically shown in
Fig. 1. The DWFL consists of a 980 nm pump laser diode, a 980/1550 nm wavelength division
multiplexing (WDM), a 3 m EDF, a tunable band-pass filter (TBPF) with 1 nm bandwidth, isolators, a
polarization controller (PC), a very short length of 10 cm HN-PCF, and a 2:98 fiber based coupler.
The 980 nm pump laser is directed into the fiber laser ring cavity through a WDM to provide
excitation to the gain medium. The TBPF is used to limit or confine the oscillation of dual-wave-
length laser in a narrow spacing. Without the TBPF, the DWFL will tend to lase at wavelengths with
a larger spacing. The isolators are used to assure unidirectional operation of the laser as to achieve
a more stable lasing condition. The PC working at the C-band region is inevitably exploited to adjust
the polarization of light propagating inside the ring cavity. By controlling the polarization state, the
lasing wavelength is able to switch from one to the other and also creates multi-wavelength laser
based on the polarization dependent spectral in the setup. The HN-PCF plays the main role in the
setup to stabilize the DWFL based on its nonlinearity and birefringence coefficient. The micrograph
of the HN-PCF cross-section structure is shown as the inset in Fig. 1. The HN-PCF is a solid core
(~4.37 um diameter) PCF surrounded by air holes with 5.06 ym diameter and separation of 5.52 um
between holes. The 2 : 98 fiber based coupler is used to direct part of the laser power out of the laser
cavity for measurement, analysis, and application.

3. Experimental Results and Discussion

The 980 nm pump laser is set at 90.0 mW, with a launch power of about 71.5 mW after the WDM.
The laser output is continuously monitored by an optical spectrum analyzer (OSA) from the 2%
output of the fiber coupler. The PC is tuned to achieve single or DWFL from the setup. With similar
setup, more lasing wavelengths are achievable by removing the TBPF from the ring laser. However,
the current work focuses on narrow spacing DWFL for applications such as microwave generation
and radio over fiber. Fig. 2 shows the experimental result of the DWFL with 81 pm spacing between
two wavelengths lasing at 1553.726 nm and 1553.807 nm. Due to the dependence of the lasing
wavelength on polarization states, lasing wavelength can be change by fine-tuning the PC. The
adjustment of the PC will rotates the polarization states and allows continuous adjustment of the
birefringence within the ring cavity to balance the gain and loss of the lasing wavelengths. By
achieving dual-wavelength laser with similar peak powers, a stable DWFL can be obtained. During
the experiment, the TBPF is first tuned to a center wavelength of 1553.726 nm to limit laser
oscillation within 1553 nm to 1554 nm. The PC is then fine-tuned to obtained dual-wavelength laser
with almost similar peak powers at —18.8 dBm and —19.0 dBm as taken from the 2% port at
1553.726 nm and 1553.807 nm, respectively, as shown in Fig. 2.
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Fig. 2. Optical spectrum of DWFL lasing at wavelengths 1553.726 nm and 1553.807 nm with peak
powers of —18.8 dBm and —19.0 dBm, respectively.

The simple design of the DWFL with a short ring cavity length of 6 m will achieve a narrow
linewidth of only 3 pm as measured using OSA with spectral resolution of 0.17 pm. In addition to
that, the short ring cavity also increases the stability of the setup, and in conjunction with the TBPF
and PC enables high repeatability. Although there will be slight wavelength shifts for each expe-
riments, achieving the lasing spacing of around 3 pm can be reproduced with certain effort. The
DWFL also achieves a high signal to noise ratio (SNR) of more than 60 dB, similar to that as
reported in [13]. The high SNR is basically contributed by two main factors; the first is the function of
the TBPF in the ring cavity. The TBPF in the ring cavity allows only spectrum within the 1 nm range
to pass through while filtering out other wavelengths, thus reducing the generation of amplified
spontaneous emission (ASE) during the lasing period.

The second is the polarization state of both the lasers. Polarization state of the laser output is
monitored using a polarization analyzer. When the laser operates under dual-wavelength condition,
the polarization state of the laser output is a combination of both wavelengths polarization states. To
obtain a single wavelength for analysis, the system is left untouched, with only the TBPF being
adjusted such that the wavelength of interest falls just within the edge of the TBPF’s band-pass
region. As such, the longer of the two wavelengths is filtered out by shifting the TBPF’s operating
region towards the shorter wavelength, whereas the opposite is done for the longer wave-
length region. The polarization state for each wavelengths for the DWFL at 1551.736 nm and
1552.040 nm are shown in Fig. 3(a) and (b), respectively.

The azimuth angle of the polarization state for 1551.736 nm and 1552.040 nm are at 35.311° and
—49.677°, respectively. The azimuth angle between both wavelengths is 84.988°, which means
that they are almost perpendicular to each other. Fig. 3 also shows that the polarization state is in
ellipse polarize with ellipticity of 32.213° and —23.921°, which shows that both are in an opposite
rotation angle.

It is known that PHB effect will reduce the SNR due to polarization dependent gain saturation by
polarized signal at different wavelength. In the proposed DWFL, the two lasers are elliptically
polarized with both polarization state perpendicular to each other. This condition will minimize
the polarized saturated signal in the ring laser as the signals are not in the same polarization state.
Hence, ASE emission due to the PHB effect will be reduced and leads to high SNR in the DWFL. In
terms of stability of the DWFL, the peak power for both wavelengths is measured at 1 min interval
for 15 min, as shown in Fig. 4. The peak power fluctuation for both wavelengths falls within 0.6 dB
with a wavelength shift of less than 10 pm, which is considered very stable. Mode competition
among wavelength due to the homogeneous broadening effect of the EDF has been suppressed to
a very low level.

One of the advantages of the proposed setup is the capability of adjusting the spacing of the two
lasing wavelengths. However, the spacing between any two wavelengths is limited to the setup and
“pre-defined” by the survival modes in the ring cavity and polarization dependent spectral as
polarization states for both wavelengths must be perpendicular. The flexibility of the TBPF in tuning
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Fig. 3. Polarization state of each wavelength from dual-wavelength fiber laser at (a) 1551.74 nm and
(b) 1552.04 nm.
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Fig. 4. Optical power fluctuation of both lasing wavelengths at 1551.97 nm and 1552.26 nm for 15 min.

the laser wavelength will allow the DWFL to operate in different wavelength regions and hence
achieving different wavelength spacing by further tuning the PC. Fig. 5 shows the DWFL operating
at different wavelength regions with different wavelength spacing and stability throughout a 15 min
with 1 min internal for each scan. To perform an accurate multiple scan of the power fluctuation for
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Fig. 5. Stability of DWFL with narrow spacing of (a) 170 pm at 1553.85 nm and 1554.02 nm, (b) 410 pm
at 1553.42 nm and 1553.83 nm, (c) 440 pm at 1555.27 nm and 1555.71 nm, and (d) 590 pm at
1555.78 nm and 1556.37 nm over 15 min with interval scanning of every 1 min.

15 min period, OSA that comes with the time interval multiple scan function is used. The fluctuation
of the laser peak power is observed to be stable within the fluctuation of 0.6 dB. In addition to the
80 pm spacing shown in Fig. 2, Fig. 5 shows different wavelength spacing at 170 pm, 410 pm,
440 pm, and up to 590 pm at different wavelength regions. It is possible to achieve a larger
wavelength spacing by fine adjustment on the TBPF and PC.

4. Conclusion

The dual-wavelength fiber laser based on erbium-doped fiber and photonic crystal fiber in a ring
cavity utilizing the PDL was demonstrated. The short ring cavity setup generated DWFL with 3 pm
narrow linewidth at full width half maximum. Utilizing the birefringence of the photonic crystal fiber
and PC, high SNR of more than 60 dB is achieved with the proposed setup. The polarization of
each laser in the DWFL is studied and analyzed. The flexibility of the proposed setup in selecting
different spacing between the two lasing wavelengths with proper adjustment of the tunable band-
pass filter and PC as to achieve a stable DWFL output with peak power fluctuations of less than
0.6 dB and wavelength fluctuation of less than 10 pm is demonstrated. The wavelength spacing
tuning range of the DWFL is between 80 pm and 600 pm.

References

[1] U. Sharma, K. Chang-Seok, and J. U. Kang, “Highly stable tunable dual-wavelength Q-switched fiber laser for DIAL
applications,” IEEE Photon. Technol. Lett., vol. 16, no. 5, pp. 1277-1279, May 2004.

[2] M. L. Dennis, R. M. Sova, and T. R. Clark, “Dual-wavelength brillouin fiber laser for microwave frequency generation,”
in Proc. OFC/NFOEC, Anaheim, CA, USA, Mar. 2007, pp. 1-3.

[3] S. Pradhan, G. E. Town, and K. J. Grant, “Microwave frequency generation using a dual-wavelength DBR fiber laser,”
in Proc. ACOFT/AOS, Melbourne, VIC, Australia, Jul. 2006, pp. 104—105.

[4] M. Y. Jeon, N. Kim, J. Shin, J. S. Jeong, S.-P. Han, C. W. Lee, Y. A. Leem, D.-S. Yee, H. S. Chun, and K. H. Park,
“Widely tunable dual-wavelength Er3-+-doped fiber laser for tunable continuous-wave terahertz radiation,” Opt. Exp.,
vol. 18, no. 12, pp. 12291-12297, Jun. 2010.

[5] A. Cucinotta, S. Sellery, L. Vincetti, and M. Zoboli, “Numerical and experimental analysis of erbium-doped fiber linear
cavity lasers,” IEEE Opt. Commun., vol. 156, no. 4-6, pp. 264—270, Nov. 1998.

[6] M. Foroni, F. Poli, A. Cucinotta, and S. Selleri, “Tunability of erbium-doped fibre ring laser based on bending loss of
acive fibre,” IEEE Electron. Lett., vol. 43, no. 9, pp. 500-502, Apr. 2007.

[7] H. Chen, F. Babin, M. Leblanc, and G. W. Schinn, “Widely tunable single-frequency erbium-doped fiber lasers,” IEEE
Photon. Technol. Lett., vol. 15, no. 2, pp. 185-187, Feb. 2003.

Vol. 5, No. 6, December 2013 1502706



IEEE Photonics Journal Narrow Spacing DWFL Based on PDL Control

[8] P. M. Becker, A. A. Olsson, and J. R. Simpson, Erbium-Doped Fiber Amplifiers—Fundamentals and Technology.
London, U.K.: Academic, 1999.
[9] J.-R. Qian, J. Su, and L. Hong, “A widely tunable dual-wavelength erbium-doped fiber ring laser operating in single
longitudinal mode,” Opt. Commun., vol. 281, no. 17, pp. 4432—-4434, Sep. 2008.
[10] S. K. Kim, M. J. Chu, and J. H. Lee, “Wideband multiwavelength erbium-doped fiber ring laser with frequency shifted
feedback,” Opt. Commun., vol. 190, no. 1-6, pp. 291-302, Apr. 2001.
[11] L. Xiaorui, G. Huaping, T. Yumeng, J. Yongxin, W. Jianfeng, and X. Hanfeng, “Multiwavelength pulse fiber laser
generated by stimulated brillouin scattering,” in Proc. SOPO, Shanghai, China, May 2012, pp. 1-2.
[12] P. Wang, D. Weng, K. Li, Y. Liu, Y. Xuecai, and Z. Xiaojun, “Multi-wavelength Erbium-doped fiber laser based on four-
wave-mixing effect in single mode fiber and high nonlinear fiber,” Opt. Exp., vol. 21, no. 10, pp. 12570-12578, May 2013.
[13] X. Liu, X. Yang, F. Lu, J. Ng, X. Zhou, and C. Lu, “Stable and uniform dual-wavelength erbium-doped fiber laser based
on fiber Bragg gratings and photonic crystal fiber,” Opt. Exp., vol. 13, no. 1, pp. 142-147, Jan. 2005.

Vol. 5, No. 6, December 2013 1502706




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


