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ABSTRACT

The use of semiconductor optical amplifiers (SOA) in optical communications networks has so far been limited
due to their inherent large noise figure (NF) compared to Erbium Doped Fibre Amplifiers. Therefore
improvement of the noise performance of SOAs is critical to their widespread adoption in future networks. We
propose to reduce the NF of the SOA by introducing a lasing cavity lateral to the axis of amplification of the
device. The carrier density within the cavity is clamped at the lasing threshold. It is thus possible to engineer the
carrier density distribution along the active waveguide by controlling the cavity design. According to our
simulations, some of the cavity designs lead to a reduction of the noise figure in this novel SOA.
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1. INTRODUCTION

One of the most promising components to become the core of all-optical metropolitan networks is the
semiconductor optical amplifier (SOA). Besides acting as an amplifier, its inherent non-linearities allow it to be
the basis of many all-optical signal processing functions, usually based on polarisation rotation or gain
compression [1,2], such as wavelength converters and logic gates. Compared to Erbium doped fibre amplifier
(EDFA), Erbium doped waveguide amplifier (EDWA) or Raman amplifier, SOA has many advantages: lower
cost, larger bandwidth, smaller size, potential to be integrated on a chip and electrical pumping. However it has
one drawback, a higher noise figure (NF) than these competitors [3]. The NF is linked to excess noise introduced
by the amplifier. It corresponds to the ratio between the signal-to-noise ratio at the input and at the output. It is
essential to have this NF as low as possible.

Several approaches have been considered to solve this problem. One of them is on the SOA waveguide. It
was showed that with a low confinement factor a reduction of the NF could be perceived. The results achieved
are encouraging, but the NF of this device is still not as comparable to that of an EDFA [4]. Some laboratories
have considered a chain of amplifiers, with a low NF SOA and low gain placed at the input and noisier SOAs
with higher gain positioned further down in the amplification scheme. This approach should give some good
results, however it does not solve the problem of a low NF SOA [5].

In this paper we propose to achieve a lower noise figure by engineering the carrier density profile along the
active region of our device. To this end we employ a lateral lasing cavity perpendicular to the axis of
propagation. This is made possible by introducing slots that act as mirrors on both sides of the active layer
parallel to the growth direction.

2. MODEL

2.1 Carrier density

Our model is based on a numerical solution of the travelling wave description of the E-field in the amplifier
cavity [6]. The cavity is divided into sub-sections with a constant carrier density and amplified spontaneous
emission. The program calculates the variation of the E-field and carrier density in each section along the SOA.
The rate of change of the carrier density, Ny, in each section of the SOA is given by:
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where 7, is the current applied to the m™ section V., the volume of the active layer of this section, e is the
elementary charge, R(N) is the carrier recombination rate, g is the material gain, S,, iz and S, o0, are the average
photon densities for the signal and spontaneous emission, a,, is the gain coefficient, N, is the carrier density at
transparency, c is the celerity of light and n, is the group index.

2.2 Noise figure

The noise figure can then be calculated from the carrier density in each section. As the device is considered a
cascade of n smaller amplifiers, with a uniform carrier density, the noise figure is given by Friis’ transmission
formula as:
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where G,, is the single pass gain and NF,, the noise figure of the m™ section. From this equation it is apparent
that the first few terms contribute most to the overall value of NF. Therefore if a lower overall noise figure is to
be achieved, a low noise figure is necessary towards the input of the device. This implies a large carrier density
at the input of the device. The optimum carrier density profile obtained by our simulation is presented in Fig. 1,
this corresponds to a higher carrier density in the first few sections and a lower value at the output of the device.
This profile was calculated for a 500-um long SOA biased at 250 mA with a power for the injected signal of
-50 dBm. In the same conditions a standard SOA provides a NF 20% larger.
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Figure 1. Ideal carrier density profile, Iyj,s= 250 mA.

3. DESIGN
3.1 Principle

The aforementioned carrier profile may be achieved by several means, for instance through the use of a lateral
lasing cavity placed at the output of the device controlling the carrier density at this position, to a lower level
than that of the input. The cavity consists of two sets of mirrors placed outside the active waveguide, as shown
on Figure 2. The mirrors consist of slots placed on both sides of the active layer. The material removed from the
semiconductor material changes the value of the refractive index underneath, creating a spatial variation of the
refractive index experienced by the field emitted. Constructive and destructive interferences occur and
a particular wavelength is selected to experience a large reflectivity. The spontaneous emission coupled to the
waveguide in the lateral direction will be trapped between the mirrors and amplified by the section of active
material. Laterally the device acts as a laser, but longitudinally as an amplifier. The carrier density contributes to
the gain of the laser. When the current supply reaches the threshold current, the carrier density is clamped at
a density value where the gain provided by the semiconductor material equals the losses of the cavity. Hence it is
possible by controlling the level of reflectivity of the mirror and the resonant wavelength to set the carrier
density to a given value.

The design presented here provides an amplification path with lasing and non-lasing portions. The
spontaneous emission (SE) is mostly generated and amplified by the non-lasing portion and only to a much
lesser extent by the lasing portion. A reduction of the amplified spontaneous emission travelling from the output
to the input and of the reflected amplified signal results in an automatic increase of the carrier density at the
input section of the amplification path which reduces the NF of the input section and as a consequence lowers
the overall NF of the SOA. In this way the ratio of amplification of the optical signal with respect to the ASE is
controlled, such that the optical signal is preferentially amplified with respect to the ASE.
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Figure. 2. Front and top view of the noise controlled SOA.

3.2 Simulations

Figure 3 shows the noise figure of the SOA as a function of the percentage of the lasing portion occupying the
amplification path for a bias current of 250 mA. The noise figure decreases with the length of the lasing portion
and reaches a minimum around 60% before increasing rapidly. Similar results were found for different bias
currents.
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Figure. 3 Noise figure as a function of the length of the lasing cavity.

Simulations of the noise figure as a function of input power show that a lasing portion occupying 20% to 60% of
the amplification path results in the lowest noise figure. Comparison between the best noise controlled SOA
(60% lasing portion) and the two extreme cases (no laser cavity and laser cavity along the full length of the
active region) is shown on Figure 4. The conventional SOA with no embedded lasing cavity (0% conventional
SOA) has a higher noise figure, by about 20%, than SOAs with a lasing portion that occupies 60% of the
amplification path up to an input power of about -5 dBm. Above this value the performance of both devices are
similar. A SOA with a lasing cavity occupying the full length of the amplification path (100% linear optical
amplifier) has the highest noise figure which is substantially independent of the injected power. The values of
the pump current are given by way of example only, for simulation purposes, and it is not intended to limit the
pump current to these particular values.
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Figure. 4. Noise figure as a function of input power for different components.

4. CONCLUSIONS

Our model, based on a solution of the travelling wave description of the E-field in the amplifier cavity allows us
to access the spatial dependence of the light and of the carrier density as well as calculating the resulting noise
figure for a given device. From this it was shown that carefully engineering the carrier density distribution along
the active region of the waveguide can improve the noise performance of SOAs. This can be achieved by
introducing a lateral lasing cavity using mirrors consisting of slots on both sides of the amplification path.
The optimal length of the lasing cavity was found to be 60% of the active region and simulations for this case
show a reduction of the noise figure by 20%, compared to a conventional SOA, thus demonstrating the potential
of the technique.

ACKNOWLEDGEMENTS

Authors would like to thank Enterprise Ireland for its support under the technological development Program,
project referenced CFDT/06/1T/332, and the INSPIRE Programme, funded by the Irish Government's
Programme for Research in Third Level Institutions, Cycle 4, National Development Plan 2007-2013

REFERENCES

[1] S. Philippe, A. L. Bradley, B. Kennedy, F. Surre, and P. Landais: Experimental Investigation of Polarization
Effects in Semiconductor Optical Amplifiers and Implications for All-Optical Switching, [EEE Journal of
Lightwave Technology, vol. 26 (16), pp. 2977-2985, Aug. 15, 2008.

[2] S. Philippe, A. L. Bradley, R. Maldonado-Basilio, F. Surre, B. F. Kennedy, P. Landais, and a. H. Soto-
Ortiz: Polarization dependence of non-linear gain compression factor in semiconductor optical amplifier,
Optics Express, vol. 16, no. 12, pp. 8641-8648, 2008.

[3] J. Mork, M. Nielsen, T. Berg: The Dynamics of Semiconductor Optical Amplifiers: Modeling and
Applications, Optics and Photonics News, vol. 14, no. 7, pp. 42-48, July 2003.

[4] R. Brenot, F. Pommereau, O. Le Gouezigou, J. Landreau, F. Poingt, L. Le Gouezigou, B. Rousseau,

F. Lelarge, F. Martin, G.H. Duan: Experimental study of the impact of optical confinement on saturation
effects in SOA, Optical Fiber Communication Conference, Technical Digest, 2005, pp. 197-199.

[5] Patent number: US6731427 filled in 2004-05-04.

[6] T. Durhuus, B. Mikkelsen, K.E. Stubjkaer: Detailed dynamic model for semiconductor optical amplifiers
and their crosstalk and intermodulation distortion, IEEE/OSA J. Lightwave Technology, vol. 10, no. 8,
pp- 1056-1063, 1992.


landaisp
Rectangle

landaisp
Rectangle



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 1.6
  /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 false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




