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What is this tutorial about?
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Optical Wavelength Division Multiplexing (WDM)

• Internet: Need for bandwidth B

• Optical transmission systems
fibres:          B ≈ 65 THz (450 nm) 
amplifiers:   B ≈ 10 THz (  80 nm)
wavelength division multiplexing
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channels: Δf ≈ 5, 10, 25, 50, 100 GHz
capacity: 40 Gbit/s × 100 ch = 4 Tbit/s
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The Need for All-Optical Processing — Wavelength Blocking
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The Need for All-Optical Processing — Space Switching
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The Need for All-Optical Processing — Regeneration
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• Modulation techniques
Analogue, digital, coding
Symbol diagrams, spectra
Benefits, transmission capacity

• SOA gain and phase recovery
Gain-phase coupling
Physical explanation

• SOA signal processing
Logic gate
OOK wavelength converter
DPSK wavelength converter

• Summary

Outline
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Analytic Time Signals
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Analogue Amplitude Modulation
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Analogue Intensity Modulation
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Analogue Single and Vestigial Sideband Modulation
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Analogue Angle Modulation
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Time Functions for a Binary-Modulated Carrier
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(Binary) Phase-Shift Keying

Wei, X.; Gnauck, A. H.; Gill, D. M.; Liu, X.; Koc, 
U.-V.; Chandrasekhar, S.; Raybon, G.; Leuthold, 
J.: Optical π/2-DPSK and its tolerance to filtering
and polarization-mode dispersion. IEEE Photon. 
Technol. Lett. 15 (2003) 1639−1641
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Generation of Alternating-Phase Optical Pulses

Schnarrenberger, M., Sotobashi, H., Chujo, W. and Freude, W.: Novel intersymbol interference reduction technique by bit synchronized π/2 phase
shift. Proc. Institute of Electronics, Information and Communication Engineers (IEICE Japan) Spring Conference, Hiroshima, 28.–31.03.2000
Douglas M. Gill, D. G.; Gnauck, A. H.; Liu, X.; Wei, X.; Su, Y.: π/2 alternate-phase on-off keyed 42.7 Gb/s long-haul transmission over 1980 km of 
standard single-mode fiber. IEEE Photonics Technol. Lett. 16 (2004) 906−908
Wei, X; Leuthold, J.; Dorrer, C.; Gill, D. M.; Liu, X.: Chirp reduction of π/2 alternate-phase pulses by optical filtering. Technical Digest Optical Fiber 
Communication Conference (Ofc'05), Anaheim (CA), USA, 06.–11.03.2005. Paper JWA42
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Coding Schemes and Calculation of One-Sided PRBS Spectra

Hölzler, E.; Holzwarth, H.: Pulstechnik, Vol. I, 2. Ed. (“Pulse technology”, in German). Berlin: Springer 1982 (General PRBS spectra, Eq. (6.48,49))
Cattermole, K. W.; O'Reilly, J. J. (Eds.): Mathematical topics in telecommunications. Vol. 2: …randomness… London: Pentech 1984 (Chapter 15)
Grau, G.; Freude, W.: Optische Nachrichtentechnik, 3. Ed. Berlin: Springer 1991 (Sect. 7.2)
Agrawal, G. P.: Lightwave technology. Telecommunication systems. Hoboken (NJ): John Wiley & Sons 2005 (Sect. 2.2)
Ip, E.; Kahn, J. M.: Power spectra of return-to-zero optical signals. J. Lightw. Technol. 24 (2006) 1610−1618
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Bipolar Binary ASK Coding Schemes
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Symbol Diagrams for Digital Modulation Formats

0000 0001 0011 0010

1000 1001 1011 1010

1100 1101 1111 1110

0100 0101 0111 0110

Kikuchi, N.; Sekine, K.; Sasaki, S.: Proposal of inter-symbol interference (ISI) 
suppression technique for optical multilevel signal generation. Ecoc'06 Tu4.2.1
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Eye Diagrams and Spectra for NRZ, CSRZ, 33 % RZ at 40 Gbit/s

Pincemin, E. et al.: Robustness of the OOK modulation formats at 40 Gbit/s in the practical system infrastructure. Ecoc'05 We4.P.112
Gosselin, S.; Joindot, M.: Key drivers and technologies for future optical networks. Ecoc'06 We2.2.1 (Tutorial, Slide 43)
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40 Gbit/s Digital Modulation Formats
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A Family of Amplitude and Phase Modulation Formats

Winzer, P. J.; Essiambre, R.-J.: Advanced optical modulation formats. Proc. IEEE 94 (2006) 952−985. Fig. 2
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Performance Values of Various Modulation Formats at 40 Gbit/s

Winzer, P. J.; Essiambre, R.-J.: Advanced optical modulation formats. Proc. IEEE 94 (2006) 952−985. Table 4



OSA FTuV1, Oct 06 Institut für Hochfrequenztechnik und Quantenelektronik (IHQ), Universität Karlsruhe 30

Best Transmission Capacities in the Laboratory

Leuthold, J.; Raybon, G.; Su, Y.; Essiambre, R.; Cabot, S.; Jaques J.; Kauer, M.: 40 Gbit/s transmission and cascaded all-optical wavelength 
conversion over 1000000 km. Electron. Lett. 38 (2002) 890−892
Gosselin, S.; Joindot, M.: Key drivers and technologies for future optical networks. Ecoc'06 We2.2.1 (Tutorial, Slide 12)
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Semiconductor Optical Amplifier (SOA) for Signal Processing

Nussenzveig, H. M.: Causality and dispersion relations. Vol. 95 in "Mathematics in 
science and engineering”, Ed. R. Bellmann. New York: Academic Press 1972. Sect. 1.6
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Carrier/Gain Depletion and Recovery in an SOA

Modified from: Mørk, J. et al. IEEE LEOS Newsletter 16 (2002) 21−24. Fig. 2. — Mørk, J. et al. Optics & Photonics News July (2003) 42−48
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Reconfigurable Optical Logic Gate with SOA

Berrettini, G.; Malacarne, A.; Ghelfi, P.; Bogoni, A.; Potí, L.: Reconfigurable all-optical logic gate based on a single SOA with improved dynamics. Ofc
2006 Paper OFJ5
Berrettini, G.; Simi, A.; Malacarne, A.; Bogoni, A.; Potí, L.: Ultrafast integrable and reconfigurable XNOR, AND, NOR, and NOT photonic logic gate.
IEEE Photon. Technol. Lett. 18 (2006) 917−919
Dorren, H. J. S.; Hill, M. T.; Liu, Y.; Tangdiongga, E.; Smit, M. K.; Khoe, G. D.: Optical signal processing and telecommunication applications. Optical 
Amplifiers and Their Applications (OAA), 7–10 August 2005, Budapest, Hungary. Paper WD1
Dorren, H. J. S.; Yang, X.; Mishra, A. K.; Li, Z.; Ju, H.; de Waardt, H.; Khoe, G.-D.; Simoyama, T.; Ishikawa, H.; Kawashima, H.; Hasama, T.: All-optical 
logic based on ultrafast gain and index dynamics in a semiconductor optical amplifier. IEEE J. Sel. Topics Quantum Electron. 10 (2004) 1079−1092
Kang, I. ; Dorrer C. ; Leuthold, J. : All-optical XOR operation of 40 Gbit/s phase-shift-keyed data using four-wave mixing in semiconductor optical 
amplifier. Electron. Lett. 40 (2004) No. 8
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Optical Logic XNOR Gate

Berrettini et al. Ofc'06 Paper OFJ5, Photon. Technol. Lett. 18 (2006) 917−919
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Optical Logic XNOR Gate — Performance at 10 Gbit/s

Berrettini et al. Ofc'06 Paper OFJ5, Photon. Technol. Lett. 18 (2006) 917−919
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Measured Output Power and Phase for an SOA

Wang, J.; Maitra, A.; Poulton, C. G.; Freude, W.; Leuthold, J.: 
Temporal dynamics of the alpha factor in semiconductor
optical amplifiers. J. Lightw. Technol. (Aug. 2006, submitted)
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SOA λ-Converter & Red Shift Optical Filter (RSOF)

Leuthold, J.; Ryf, R.; Maywar, D. N.; Cabot, S.; Jaques, J.; Patel, S. S.: 
Regenerative all-optical wavelength converter in a transparent demonstration
over 42 nodes and 16800 km. J. Lightwave Technol. 21 (2003) 2863−2870
Chayet, H.; Ben Ezra, S.; Shachar, N.; Tzadok, S.; Tsadka, S.; Leuthold, J.: 
Regenerative all-optical wavelength converter based on semicon-ductor
optical amplifier and sharp frequency response filter. Ofc 2004 ThS2
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2R or 3R Regeneration with SOA λ-Converter and RSOF
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Chayet, H.; Ben Ezra, S.; Shachar, N.; Tzadok, S.; Tsadka, S.; Leuthold, J.: Regenerative all-optical wavelength converter based on semiconductor
optical amplifier and sharp frequency response filter. Ofc 2004 Paper ThS2 (Kailight Photonics)
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OOK 320-to-40 Gbits/s Demux & Blue Shift Optical Filter (BSOF)

Tangdiongga, E.; Liu, Y.; de Waardt, H.; Khoe, G. D.; Dorren, H. J. S.: 320-to-40-Gb/s demultiplex-
ing using a single SOA assisted by an optical filter. IEEE Photon. Technol Lett. 18 (2006) 908−910

Pdata
Pctrl

SOA

~
~~

BSOF
Pcv, ϕ
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SOA λ-Converter & Pulse Reformatting Filter (PROF)
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Leuthold, J.; Marom, D. M.; Cabot, S.; Jaques, J. J.; Ryf, R.; Giles, C. R.: All-optical wavelength
conversion using a pulse reformatting optical filter. J. Lightwave Technol. 22 (2004) 186−192
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Eye Diagrams for 40 Gbit/s Non-Inverted RZ→RZ λ-Converter

(5.8 dBm)

(2.5 dBm)

Leuthold, J.; Marom, D. M.; Cabot, S.; Jaques, J. J.; Ryf, R.; Giles, C. R.: All-optical wavelength
conversion using a pulse reformatting optical filter. J. Lightwave Technol. 22 (2004) 186−192
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Mach-Zehnder Interferometer Field Transfer Function



OSA FTuV1, Oct 06 Institut für Hochfrequenztechnik und Quantenelektronik (IHQ), Universität Karlsruhe 47

DPSK Receiver — DPSK → ASK Conversion

“101110”
. . . ↑↓↓↑↓↑↑. . .

010001 = Σ

101110 = Δ

111111  = Σ − Δ
↑↓↓↑↓↑ =  DPSK

↑ positive E
↓ negative E

Penninckx, D.; Bissessur, H.; Brindel, P.; Gohin, E.; Bakhti, F.: Optical differential phase shift keying (DPSK) direct detection considered as a duobinary
signal. Proc. Ecoc 2001 456–457. Paper We.P.40
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All-Optical DPSK λ-Converter

Sartorius, B.; Bornholdt, C.; Slovak, J.; Schlak, M.; Schmidt, Ch.; Marculescu, A.; Vorreau, P.; Tsadka, S.; Freude, W.; Leuthold, J.: All-optical DPSK 
wavelength converter based on MZI with integrated SOAs and phase shifters. Ofc 2006 OWS6
Kang, I.; Dorrer, C.; Zhang, L.; Rasras, M.; Buhl, L.; Bhardwaj, A.; Gomez, S.; Wong-Foy, A.; Chen, Y. F.; Patel, S.; Neilson, D. T.; Jaques, J.; Giles, C. 
R.: Regenerative all optic wavelength conversion of 40 Gb/s DPSK signals using a semiconductor optical amplifier Mach-Zehnder interferometer. Ecoc
2005 Proc. 6 (2005) 29-31. PDP-Th4.3.3
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DPSK λ-Conversion Process by Cross-Phase Modulation (XPM)
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DPSK λ-Conversion Results for 31 Gbit/s

Sartorius, B.; Bornholdt, C.; Slovak, J.; Schlak, M.; Schmidt, 
Ch.; Marculescu, A.; Vorreau, P.; Tsadka, S.; Freude, W.; Leut-
hold, J.: All-optical DPSK wavelength converter based on MZI 
with integrated SOAs and phase shifters. Ofc 2006 OWS6
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DPSK λ-Conversion Process by Cross-Gain Modulation (XGM)
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DPSK λ-Converter Operating Point for Various SOA α-Factors
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DPSK λ-Converter — Symbol Diagrams and Regeneration
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Vorreau, P.; Marculescu, A.; Wang, J.; Böttger, G.; Sartorius, B.; Bornholdt, C.; Slovak, J.; Schlak, M.; Schmidt, Ch.; Tsadka, S.; Freude, W.; Leuthold, 
J.: Cascadability and regenerative properties of SOA all-optical DPSK wavelength converters. IEEE Photon. Technol. Lett. (2006) (in press)
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DPSK λ-Converter — Regeneration

Vorreau, P.; Marculescu, A.; Wang, J.; Böttger, G.; Sartorius, B.; Bornholdt, C.; Slovak, J.; Schlak, M.; Schmidt, Ch.; Tsadka, S.; Freude, W.; Leuthold, 
J.: Cascadability and regenerative properties of SOA all-optical DPSK wavelength converters. IEEE Photon. Technol. Lett. (2006) (in press)
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DPSK λ-Converter — Set-Up and Performance

SOA

All Optical DPSK Wavelength Converter
MZIDI

MZI-Modulator Pulse Carver

Pulse Pattern 
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Differential 
Encoder

DPSK Transmitter

Phase-Shifter
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J.: Cascadability and regenerative properties of SOA all-optical DPSK wavelength converters. IEEE Photon. Technol. Lett. (2006) (in press)
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DPSK λ-Converter — Cascadability

Vorreau, P.; Marculescu, A.; Wang, J.; Böttger, G.; Sartorius, B.; Bornholdt, C.; Slovak, J.; Schlak, M.; Schmidt, Ch.; Tsadka, S.; Freude, W.; Leuthold, 
J.: Cascadability and regenerative properties of SOA all-optical DPSK wavelength converters. IEEE Photon. Technol. Lett. (2006) (in press)
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• Modulation techniques
Analogue, digital, coding
Symbol diagrams, spectra
Benefits, transmission capacity

• SOA gain and phase recovery
Gain-phase coupling
Physical explanation

• SOA signal processing
Logic gate
OOK wavelength converter
DPSK wavelength converter

• Summary
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