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Abstract: We demonstrate simultaneous time and wavelength multicasting with NRZ to RZ format
conversion by four-wave mixing of the input signal with a time- and wavelength-interleaved laser
source. Error-free operations are obtained in all the outputs.
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‘1. Introduction

Multicasting is an important process in communications for transmitting the same information to different locations
at the same time. It is particularly useful for bandwidth-insensitive applications such as IPTV distribution and
teleconferencing in WDM and OTDM networks. Different approaches have been proposed to achieve wavelength
multicasting. Examples include cross-absorption modulation in an electro-absorption modulator [1], four-wave
mixing in a highly-nonlinear fiber [2], and optical parametric amplification aided by self seeding [3]. Here, we first
demonstrate an approach for simultaneous time and wavelength multicasting that can be adopted for use in different
networks. Our principle is based on four-wave mixing (FWM) of the input signal with a time- and wavelength-
interleaved laser source in a highly nonlinear photonic crystal fiber (PCF). We have previously reported the
generation of time- and wavelength-interleaved laser sources using different approaches and their applications in
photonic analog-to-digital conversion, all-optical sampling, and OTDM to WDM conversion [4-7]. In this work, we
experimentally demonstrate time and wavelength multicasting of a 10 Gb/s NRZ-OOK signal to 4 x10 Gb/s RZ-
OOK outputs using an interleaved laser source. Error-free operations have been obtained for all the multicast outputs
with a maximum power penalty of 4 dB.

2. Principle and Experimental Setup
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Fig. 1. Setup for simultaneous time and wavelength multicasting. LD: laser diode; EOM: electro-optic modulator; PRBS: pseudorandom binary
sequence; PM: phase modulator; OTDL: optical tunable delay line; EDFA: erbium-doped fiber amplifier; PCF: photonic crystal fiber; OBPF:
optical band pass filter.

The experimental setup is shown in Fig. 1. Four CW lasers with adjacent wavelength spacing of 1.25 nm are
obtained from a WDM source. The laser outputs are combined with optical couplers connected to the input port of
an optical phase modulator. The modulator is driven with a 10 GHz RF signal to induce chirp on the CW lights. The
outputs are then connected to a reel of 8.4-km single-mode fiber (SMF). As the frequency of light in each of the four
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lasers is now time-dependent, group velocity dispersion (GVD) in the SMF will compress the CW lights to generate
short pulses [8]. The time spacing between adjacent channels is ~25 ps, governed by the wavelength spacing and the
GVD of the SMF. As a result, a 40 GHz time- and wavelength-interleaved laser source is achieved at the output of
the SMF. To generate a 10 Gb/s data stream, a tunable laser is modulated by an electro-optic modulator driven by a
211 pseudorandom binary sequence. The pulsed source and the data stream are then combined with a 50/50 optical
coupler. An optical tunable delay line is used in the setup to adjust their relative delay. The coupled lights are
subsequently amplified by an erbium-doped fiber amplifier (EDFA) to 26 dBm and directed to a 64-m PCF with a
nonlinear coefficient of 11.2 (Wekm)™" around 1550 nm.

FWM takes place in the PCF. The input data stream acts as a pump and interacts with four probes represented
by different wavelength components in the interleaved laser source. Consequently, new wavelength components will
be generated and they will carry the same data spaced by ~25 ps. By filtering out the four generated components, we
obtain the multicast outputs. It is worth mentioning that since the probes are pulsed sources, the duty cycle of the
multicast outputs is determined by the chosen width of the pulses, leading to format conversion from NRZ-OOK to
RZ-OOK with an adjustable duty cycle.

3. Results and Discussion

The waveform and the optical spectrum of the time- and wavelength-interleaved pulsed source are shown in Fig. 2
(a) and (b), respectively. The repetition rate is 40 GHz. The wavelengths are selected at 1548.20, 1549.55, 1550.80,
and 1552.05 nm to produce a time separation of ~25 ps between the generated pulses. The width of the individual
pulses at each center wavelength is ~ 14 ps, as confirmed by measurement with a 500-GHz optical sampling
oscilloscope. Fig. 3 shows the 10 Gb/s NRZ-OOK data. The PRBS data are generated at 1545 nm with a pattern
length of 2°'-1 bits. Since the rise time of the data is relatively long, we deliberately introduce an offset in one
channel of the pulsed source to minimize distortions caused by the eye crossing region in the input data.
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Fig. 2. Time- and wavelength-interleaved laser source. (a) Temporal profile. Adjacent pulses appear to be overlapped due to finite response of
the measurement system. The actual pulse widths are determined to be ~14 ps with an optical sampling oscilloscope. (b) Optical spectrum.
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Fig. 3. Eye diagram of the 10 Gb/s NRZ-OOK input signal.

We filter out the four individual channels for analysis from the PCF output using a 0.3-nm optical band pass
filter. The respective center wavelengths are 1541.50, 1540.25, 1539.00 and 1538.80 nm. The eye diagrams of the
multicast outputs are shown in Fig. 4 (a) — (d). The outputs are in RZ-OOK format with a duty cycle of 25%. It is
observed that some ripples appear at the ground level of channel 1. The reason is that the eye crossing region has a
partial overlap with channel 1 in the pulsed source, resulting in a poorer extinction ratio in the multicast output. The
unequal amplitudes of the output eyes are mainly caused by unflattened optical gain in the EDFA. To analyze the
multicasting performance, we also perform BER measurement. The results are shown in Fig. 5. Error free operations
(10° BER) have been achieved in all channels. The power penalties range from 1 to 4 dB. The degraded receiver
sensitivity of channel 1 is caused by the appearance of ripples as mentioned above. The power penalties of other
channels are attributed to ASE noise from the EDFA and to the reduced optical signal-to-noise ratio after FWM.
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Fig. 4 (a) — (d). Eye diagrams of the four time- and wavelength-multicast channels.
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Fig. 5. BER performance of the 10 Gb/s back-to-back and the 4 multicast outputs.

4. Conclusion

We demonstrate 4 x10 Gb/s simultaneous time and wavelength multicasting together with NRZ to RZ format
conversion using FWM between the input signal and a time- and wavelength-interleaved laser source in a 64-m
highly nonlinear PCF. Error-free operations have been achieved for all multicast outputs with a maximum power
penalty of 4 dB. The scheme is potentially scalable to produce additional multicast channels when more components
are generated in the time- and wavelength-interleaved laser source.

5. Acknowledgment
This work is supported by Research Grants Council of Hong Kong (Projects CUHK 415907 and 416808).

6. References

[1] K. K. Chow and C. Shu, “All-optical Signal Regeneration with Wavelength Multicasting at 6x10 Gb/s Using a Single Electroabsorption
Modulator,” Opt. Express, vol. 12, pp. 3050 — 3054, June 2004.

[2] Y. Wang, C. Yu, T. Luo, L. Yan, Z. Pan, and A. E. Willner, “Tunable All-Optical Wavelength Conversion and Wavelength Multicasting
Using Orthogonally Polarized Fiber FWM,” J. Lightw. Technol., vol. 23, pp. 3331 — 3338, October 2005.

[3] C.-S.Brgs, A. O. J. Wiberg, B. P.-P. Kuo, N. Alic, and S. Radic, “Wavelength Multicasting of 320-Gb/s Channel in Self-Seeded Parametric
Amplifier,” IEEE Photon. Technol. Lett., vol. 21, pp. 1002 — 1005, July 2009.

[4] K. L.Lee, C. Shu, and H. F. Liu, “Subharmonic pulse-gating in self-seeded laser diodes for time- and wavelength-interleaved picosecond
pulse generation,” [EEE J. Quantum Electron., vol. 40, pp. 205 — 213, March 2004.

[5] M. P. Fok, K. L. Lee, and C. Shu, “4 x 2.5 GHz Repetitive Photonic Sampler for High-Speed Analog-to-Digital Signal Conversion,” I[EEE
Photon. Technol. Lett., vol. 16, pp.876-878, March 2004.

[6] G.K.P. Lei, M. P. Fok, and C. Shu, “40-GS/s all-optical sampling using four-wave mixing with a time- and wavelength-interleaved laser
source”, in OSA Tech. Dig., Conf. on Lasers and Electro-Optics., San Jose, CA, May 2008, paper CTuH6.

[71 G. K. P. Lei, M. P. Fok, and C. Shu, "Simultaneous Conversion of 40 Gb/s OTDM to 4 x 10 Gb/s WDM Signals Using a Time and
Wavelength-Interleaved Pulsed Source," in OSA4 Tech. Dig., Optical Fiber Communication Conference, San Diego, CA, March 2009, paper
OThM2.

[8] B.J.Bortnik and H. R. Fetterman, “High-speed photonically assisted analog-to-digital conversion using a continuous wave
multiwavelength source and phase modulation,” Opt. Lett., vol. 33, pp. 2230 — 2232, October 2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


