





Appendix D Pulse Diagrams

D.2 Single Narrow Brillouin Gain Superimposed With a

Broad Brillouin Loss

(a) Without loss. (b) With loss pump power 6 dBm.

(c) With loss pump power 9:5dBm. (d) With loss pump power 10:2 dBm.

Figure D.2: Delayed pulses for a superposition of a single natural Brillouin gain with a
broad Brillouin loss.
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Appendix D Pulse Diagrams

D.3 Single Natural Brillouin Gain Superimposed With Two

Narrow Brillouin Losses
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(c¢) With loss pump power 14 dBm.

Figure D.3: Delayed pulses for a superposition of a natural Brillouin gain with two Bril-
louin losses at its spectral boundaries (/72 = v/3 = loss separation~ 60 MHz).
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Appendix D Pulse Diagrams

D.4 Single Broadened Brillouin Gain Superimposed With

Normalized Magnitude

Two Narrow Brillouin Losses
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(a) Without losses. (b) With loss pump power 9 dBm.

Figure D.4: Delayed pulses for a superposition of a broadened Brillouin gain with two

Brillouin losses at its spectral boundaries (§/v2 = V/3 = loss separation~ 60 MHz,
Afp1 ~ 60 MHz).

D.5 Suppression of Spurious Backscattered Stokes-Waves

Normalized Magnitude

via FBG and Filters
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Figure D.5: Delayed pulses for a blocking via two segments with one FBG.
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Appendix D Pulse Diagrams
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Figure D.6: Delayed pulses for a blocking via three segments with two FBG. Gaussian

fit.
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Figure D.7: Delayed pulses for a blocking via two segments with one WDM filter. Gaus-
sian fit.
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Appendix D Pulse Diagrams

D.6 Distortion Reduction in Cascaded Slow-Light Systems

via External Pump Modulation
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Figure D.8: Delayed pulses for a distortion reduction via external pump modulation in
one segment of cascaded slow-light systems.

159



List of Publications

Some parts of this thesis may be taken from the following publications. All publications

are peer-reviewed and ranked in reverse chronological order per classification.

Patents

1. R. Henker and T. Schneider, “Verfahren und Vorrichtung zur Erzeugung eines Pump-
spektrums,” German Patent DE 10 2007 058 049 A1, June 04, 2009.

2. R. Henker and T. Schneider, “Kaskadierte Seitenbanderzeugung mit SBS Disper-
sionskontrolle der Signalpropagation,” International Patent WO 2009/067973 Al,
June 04, 2009.

Journal Contributions

1. A. Wiatrek, K. Jamshidi, R. Henker, S. Preufiler, and T. Schneider, “Nonlinear
Brillouin based slow-light system for almost distortion-free pulse delay,” J. Opt.
Soc. Am. B, vol. 27, no. 3, pp. 544-549, March 2010.

2. R. Henker, A. Wiatrek, S. Preufiler, M. J. Ammann, A. T. Schwarzbacher, and
T. Schneider, “Gain enhancement in multiple-pump-line Brillouin-based slow light
systems by using fiber segments and filter stages,” Appl. Opt., vol. 48, no. 29, pp.
5583-5588, Oct. 2009.

3. S. Preufiler, K. Jamshidi, A. Wiatrek, R. Henker, C.-A. Bunge, and T. Schneider,
“Quasi-light-storage based on time-frequency coherence,” Opt. FExpress, vol. 17,
no. 18, pp. 15790-15798, Aug. 2009, — announced as research highlight in Nature
Photonics, vol. 3, no. 10, p. 555, Oct. 2009.

4. A. Wiatrek, R. Henker, S. Preufler, and T. Schneider, “Pulse broadening cancel-
lation in cascaded slow-light delays,” Opt. FExpress, vol. 17, no. 9, pp. 7586-7591,
Apr. 2009.

5. A. Wiatrek, R. Henker, S. Preufliler, M. J. Ammann, A. T. Schwarzbacher, and
T. Schneider, “Zero-broadening measurement in Brillouin based slow-light delays,”
Opt. Express, vol. 17, no. 2, pp. 797-802, Jan. 2009.

6. R. Henker, A. Wiatrek, K.-U. Lauterbach, M. Junker, T. Schneider, M. J. Ammann,

and A. T. Schwarzbacher, “A review of slow- and fast-light based on stimulated

160



List of Publications

10.

11.

12.

Brillouin scattering in future optical communication networks,” Communications -
Scientific Letters of the University of Zilina, vol. 10, no. 4, pp. 45-52, Dec. 2008.

R. Henker, A. Wiatrek, K.-U. Lauterbach, M. J. Ammann, A. T. Schwarzbacher, and
T. Schneider, “Group velocity dispersion reduction in fibre-based slow-light systems
via stimulated Brillouin scattering,” FElectr. Lett., vol. 44, no. 20, pp. 1185-1186,
Sept. 2008.

T. Schneider, A. Wiatrek, and R. Henker, “Zero-broadening and pulse compression
slow light in an optical fiber at high pulse delays,” Opt. Express, vol. 16, no. 20, pp.
15617-15 622, Sept. 2008.

T. Schneider, R. Henker, K.-U. Lauterbach, and M. Junker, “Distortion reduction in
slow light systems based on stimulated Brillouin scattering,” Opt. FExpress, vol. 16,
no. 11, pp. 8280-8285, May 2008.

——, “Adapting Brillouin spectrum for slow light delays,” FElectr. Lett., vol. 43,
no. 12, pp. 682—-683, July 2007.

——, “Comparison of delay enhancement mechanisms for SBS-based slow light sys-
tems,” Opt. Ezpress, vol. 15, no. 15, pp. 9606-9613, July 2007.

T. Schneider, M. Junker, K.-U. Lauterbach, and R. Henker, “Distortion reduction
in cascaded slow light delays,” Electr. Lett., vol. 42, no. 19, pp. 1110-1111, Sept.
2006.

Conference Contributions

1.

K. Jamshidi, S. Preufller, A. Wiatrek, R. Henker, J. Klinger, and T. Schneider,
“100 ns Quasi-Light-Storage of 8 bit data sequences at 1Gbps,” in Nonlinear Pho-
tonics Topical Meeting 2010, Karlsruhe, Germany: OSA, June 2010, paper NME21.

. R. Henker, A. Wiatrek, S. Preufliler, T. Schneider, M. J. Ammann, and A. T.

Schwarzbacher, “Langsames Licht auf der Basis der stimulierten Brillouin Streu-
ung in photonischen Netzen mit unterschiedlich langen Standard-Einmodenfasern,”
in 11. ITG-Fachtagung Photonische Netze, vol. 222, Leipzig, Germany, May 2010,
pp- 265-270, paper P14.

A. Wiatrek, R. Henker, and T. Schneider, “Almost distortion-free 1.2 bit Brillouin
based slow-light,” in 34th Furopean Conference and Fxhibition on Optical Commu-
nication (ECOC) 2009, Vienna, Austria: IEEE, Sept. 2009, paper 5.1.2.

. T. Schneider, A. Wiatrek, and R. Henker, “Zero-broadening, zero-distortion SBS-

based slow light - an overview,” in Slow and Fast Light Conference 2009. Honolulu,
HI, USA: OSA, July 2009, paper SMC3.

161



List of Publications

10.

11.

12.

13.

14.

. A. Wiatrek, R. Henker, S. Preufller, and T. Schneider, “1.4 bit delay and pulse

compression based on Brillouin optical signal processing,” in Slow and Fast Light
Conference 2009. Honolulu, HI, USA: OSA, July 2009, paper SMC4.

——, “Comparative investigation of zero-broadening methods in Brillouin based
slow-light systems,” in IET Irish Signals and Systems Conference 2009, Dublin,
Ireland, June 2009, paper PS-2.3.

T. Schneider, A. Wiatrek, R. Henker, and S. Preufller, “Slow-Light ohne Pulsver-
breiterung fiir optische Puffer und zur Dispersionskompensation,” in 10. ITG-
Fachtagung Photonische Netze, vol. 214, Leipzig, Germany, May 2009, pp. 239-242.

T. Schneider, A. Wiatrek, and R. Henker, “Dispersion compensation by SBS based
slow-light in an optical fiber,” in Conference on Optical Fiber Communication and
the National Fiber Optic Engineers Conference (OFC/NFOEC) 2009. San Diego,
CA, USA: OSA, March 2009, paper JWATY.

R. Henker, K.-U. Lauterbach, A. Wiatrek, T. Schneider, M. J. Ammann, and A. T.
Schwarzbacher, “Gain enhancement in slow-light systems based on stimulated Bril-
louin scattering with several short fibers,” in Conference on Optical Fiber Commu-
nication and the National Fiber Optic Engineers Conference (OFC/NFOEC) 2009.
San Diego, CA, USA: OSA, March 2009, paper OWUS5.

M. Junker, T. Schneider, K.-U. Lauterbach, R. Henker, M. J. Ammann, and A. T.
Schwarzbacher, “1 Gbit/s Radio Over Fiber downlink at a 32 GHz carrier,” in
34rd European Conference and Ezhibition on Optical Communication (ECOC) 2008,
Brussels, Belgium: TEEE, Sept. 2008, paper Tu.3.F.2.

T. Schneider, R. Henker, K.-U. Lauterbach, and M. Junker, “Delay limits of SBS
based slow light,” in Slow and Fast Light Conference 2008. Boston, MA, USA:
OSA, July 2008, paper STuC4.

R. Henker, T. Schneider, A. Wiatrek, K.-U. Lauterbach, M. Junker, M. J. Am-
mann, and A. T. Schwarzbacher, “Optimisation of optical signal delay in slow-light
systems based on stimulated Brillouin scattering,” in IET Irish Signals and Systems
Conference 2008, Galway, Ireland, June 2008, paper PS-2.5.

M. Junker, T. Schneider, M. J. Ammann, A. T. Schwarzbacher, K.-U. Lauterbach,
R. Henker, and S. Neidhardt, “32 GHz carrier generation and 200 Mbit /s error free
data transmission in a Radio Over Fibre system,” in IET Irish Signals and Systems
Conference 2008, Galway, Ireland, June 2008, paper OS-6A.2.

K.-U. Lauterbach, R. Henker, M. Junker, A. Wiatrek, A. T. Schwarzbacher, M. J.
Ammann, and T. Schneider, “High resolution spectroscopy on optical signals in
fiber communication systems,” in 2008 International Students and Young Scientists
Workshop ‘Photonics and Microsystems’, Wroclaw /Szklarska Poreba, Poland, June
2008.

162



List of Publications

15

16

17.

18.

19.

20.

21.

22.

23.

A. Wiatrek, T. Schneider, M. Junker, R. Henker, K.-U. Lauterbach, A. T. Schwarz-
bacher, and M. J. Ammann, “Numerical investigation of Brillouin based double side-
band amplification for millimeter-wave generation,” in 2008 International Students
and Young Scientists Workshop ‘Photonics and Microsystems’, Wroclaw /Szklarska
Poreba, Poland, June 2008.

R. Henker, A. Wiatrek, K.-U. Lauterbach, T. Schneider, M. J. Ammann, and A. T.
Schwarzbacher, “Optimization of the Brillouin spectrum for fiber based slow light

systems,” in Conference on Lasers and Electro-Optics and Quantum Electronics and

Laser Science (CLEO/QELS) 2008. San Jose, CA, USA: OSA, May 2008, paper
CThEL1.

K.-U. Lauterbach, T. Schneider, R. Henker, M. J. Ammann, and A. T. Schwarz-
bacher, “Fast and simple high resolution optical spectrum analyzer,” in Confer-

ence on Lasers and FElectro-Optics and Quantum Electronics and Laser Science
(CLEO/QFELS) 2008. San Jose, CA, USA: OSA, May 2008, paper CMU3.

R. Henker, A. Wiatrek, K.-U. Lauterbach, M. Junker, T. Schneider, M. J. Ammann,
and A. T. Schwarzbacher, “Optimierung des Brillouin Spektrums fiir Slow-Light
Systeme in faserbasierten optischen Netzen,” in 9. ITG-Fachtagung Photonische
Netze, vol. 207, Leipzig, Germany, Apr. 2008, pp. 217-222.

M. Junker, T. Schneider, K.-U. Lauterbach, R. Henker, M. J. Ammann, and A. T.
Schwarzbacher, “1 Gbit/s Modulation von optisch erzeugten Millimeterwellen fiir
Radio Over Fibre Anwendungen,” in 9. ITG-Fachtagung Photonische Netze, vol.
207, Leipzig, Germany, Apr. 2008, pp. 231-235.

K.-U. Lauterbach, T. Schneider, R. Henker, M. Junker, M. J. Ammann, and A. T.
Schwarzbacher, “Schnelle hochauflésende optische Spektrumanalyse,” in 9. ITG-
Fachtagung Photonische Netze, vol. 207, Leipzig, Germany, Apr. 2008, pp. 227-230.

A. Wiatrek, T. Schneider, R. Henker, K.-U. Lauterbach, and M. Junker, “Min-
imierung der Gruppengeschwindigkeits-Dispersion in faserbasierenden Slow-Light-
Systemen,” in 9. ITG-Fachtagung Photonische Netze, vol. 207, Leipzig, Germany,
Apr. 2008, pp. 223-226.

T. Schneider, R. Henker, A. Wiatrek, K.-U. Lauterbach, and M. Junker, “Grenzen
von Slow-Light in photonischen Netzen,” in 9. ITG-Fachtagung Photonische Netze,
vol. 207, Leipzig, Germany, Apr. 2008, pp. 131-136.

T. Schneider, R. Henker, M. Junker, and K.-U. Lauterbach, “Adapting the slow light
spectrum in optical fibers for delay enhancement,” in 33rd Furopean Conference and
Ezhibition on Optical Communication (ECOC) 2007, Berlin, Germany: IEEE, Sept.
2007, paper P010.

163



List of Publications

24

25

26.

27.

28.

29.

30.

R. Henker, T. Schneider, K.-U. Lauterbach, M. Junker, M. J. Ammann, and A. T.
Schwarzbacher, “Slow and fast-light in optical fibers — An overview,” in 2007 In-
ternational Students and Young Scientists Workshop ‘Photonics and Microsystems’,
Dresden, Germany, July 2007, pp. 32-37.

T. Schneider, R. Henker, K.-U. Lauterbach, and M. Junker, “Adjusting the Brillouin
spectrum in optical fibers for slow and fast light applications,” in Slow and Fast Light
Conference 2007. Salt Lake City, UT, USA: OSA, July 2007, paper SWC3.

R. Henker, T. Schneider, M. Junker, K.-U. Lauterbach, M. J. Ammann, and A. T.
Schwarzbacher, “Enhancement of maximum time delay in one fiber segment slow

" in Conference on Lasers and

light systems based on stimulated Brillouin scattering,’
FElectro-Optics and Quantum Electronics and Laser Science (CLEO/QELS) 2007.

Baltimore, MD, USA: OSA, May 2007, paper CFDA4.

M. Junker, T. Schneider, K.-U. Lauterbach, R. Henker, M. J. Ammann, and A. T.
Schwarzbacher, “High quality millimeter wave generation via stimulated Brillouin
scattering,” in Conference on Lasers and Electro-Optics and Quantum FElectronics
and Laser Science (CLEO/QFELS) 2007. Baltimore, MD, USA: OSA, May 2007,
paper CFD2.

K.-U. Lauterbach, T. Schneider, R. Henker, M. Junker, M. J. Ammann, and A. T.
Schwarzbacher, “Investigation of fast light in long optical fibers based on stimulated
Brillouin scattering,” in Conference on Lasers and Electro-Optics and Quantum Elec-
tronics and Laser Science (CLEO/QELS) 2007. Baltimore, MD, USA: OSA, May
2007, paper JWA48.

T. Schneider, R. Henker, K.-U. Lauterbach, and M. Junker, “Slow und Fast Light
in photonischen Netzen - ein Uberblick,” in 8. ITG-Fachtagung Photonische Netze,
vol. 201, Leipzig, Germany, May 2007, pp. 17-24.

T. Schneider, M. Junker, K.-U. Lauterbach, and R. Henker, “Gain-independent SBS
based slow light in optical fibers,” in Conference on Optical Fiber Communication
and the National Fiber Optic Engineers Conference (OFC/NFOEC) 2007. Anaheim,
CA, USA: OSA, March 2007, paper JWA14.

164



Index

A
Absorption 8, 11, 15, 20, 21, 23, 102-105
— coefficient............... 11, 12, 19
— IesONanCe . .............. 18, 22, 28
All-optical packet router ..... see Packet
router
All-optical packet switch..... see Packet
switch

Amplified spontaneous emission . .22, 56,

109
Amplifier
— erbium-doped fiber ......... 16, 22
—optical .......... ... L. 16, 22
— semiconductor optical ......... see

Semiconductor optical amplifier

anti-Stokes-wave .. ...... see Stokes-wave
B

Bit error ratio............. 14, 15, 28, 56
Bose-Einstein condensate ... .. 18, 24, 30
Bragg condition...................... 32
Brillouin

— (frequency) shift . 3, 32, 33, 36, 37,
40, 49, 58, 63, 103, 112, 140142,
144, 146

~ amplifier. .. ..38, 39, 48, 50, 52, 91

~ bandwidth. ....2, 3, 36, 39, 40, 45
46, 48, 50, 52-62, 74, 86, 92, 93,
109, 115, 118, 144146

—gain....3, 4, 33, 38, 39, 41, 44, 45,
47-50, 53-55, 57, 61, 64, 67, 70,
72, 74, 76, 78, 83, 84, 89, 91, 93,
101-103, 105, 107, 110, 111, 114,
116, 145

— gain coeflicient . 35-36, 39, 63, 118,
146

41, 44, 45, 47, 49, 53, 58, 61, 64,
67, 73, 74, 76, 78, 83, 84, 89, 99,
102, 103, 105-107, 109, 111, 114,
116

—spectrum.................... 4, 39,
40, 44, 45, 53-55, 58, 60-62, 67,
71, 76, 80, 91, 95, 101, 105, 109,
116, 119, 140, 142, 144-146

—threshold ................ ... ... 3,
33-36, 3840, 62, 63, 84, 89, 102,
104, 110, 111, 140, 142, 145, 146

— scattering see Stimulated Brillouin
scattering

Broadening factor . 14, 30, 46, 51, 69, 87,

90-101

C
Coherent population oscillation16, 19-21
Coupled resonator optical waveguide. see

Resonator - CROW

D
Delay
— absolute time........ 12-14, 30, 51
T ACCUTACY « v vveee et eeieaaeeeann 15
— effective time 13-14, 30, 51, 52, 62,
74,79, 82, 90, 92, 101, 108, 109
— fractional time .. 13-14, 24, 30, 41,
46, 50, 52, 61, 62, 82, 87, 90-93,
99, 105, 108, 114
—grouUpP........ue... 7,12, 17, 24, 44
— negative time........ 102, 104-106




—phase ...... ... 7

—pulse ... 7, 44

TTANEE ¢ 15

—resolution ...................... 15
Delay-bandwidth product ............ 14
Differential phase-shift-keying ........ 28
Dispersion

— GVD . 4, 24, 43, 46, 52, 66, 73, 76,
94-98, 101, 104, 108

— anomalous....... 6, 7, 12, 102-105
— material .............. 2,11, 22, 24
—normal ................ 6, 7,12, 18
—relation .......... ..o ool 6
— waveguide .............. 18, 20, 25
Doppler effect ... 32
E
EIT........... 16, 18-19, 21, 24, 63, 103
Elasto-optic figure of merit........... 36
Electrostriction....................... 32
F
Fast-light ...... 3,5,7,12-14, 18, 20-26,
28-30, 40, 43, 45-47, 52-54, 61,
62, 102-108, 117, 118
— applications................. 25-30
—method ................. 12, 15-25
Fiber Bragg grating20, 32, 84, 86, 87, 89
Forerunner................ see Precursor
Four-wave mixing...22, 24, 29, 108, 112,
114
G

Group index.7, 12, 13, 17-19, 24, 29, 30,
40-44, 57, 65, 70, 73, 76, 77, 80,
94-98, 102-104

H
Heterodyne detection ...... 140-142, 144
Hilbert-transform .................... 11
K
Kramers-Kronig relations .. 3, 10-12, 18,

23, 30, 41, 102

o
Optical buffer................ 2628, 117
P
Packet router........... ... ... 2527
Packet switch.................. ... 2527
Permeability

— relative magnetic............... 11
Permittivity

— complex relative................ 11

—relative..........ooiooL 11
Phonon................ ... 23, 32, 39
Photonic crystal............... 16, 21-22
Polarization . . ... 6, 11, 35, 36, 47-50, 56
Precursor ........ .. ..ol 10
Pseudo-random binary sequence...... 56

Pump depletion33, 37, 48, 52, 63, 64, 70,
71, 76, 89, 101, 110

Q

Q-delay product .................. 14-15
Q-factor........... i 14
Quantum-dot..................... 16, 21
Quantum-well................. 16, 21, 22
Quasi-light storage ............... 16, 25
R

Raman scattering see Stimulated Raman

scattering
Reconfiguration time ............. 15, 25

Refractive index. .6, 7, 10-13, 18, 21, 23,
44, 57, 64, 71, 76, 94

Resonator
S CROW .o, 20, 21
—ring....ooiiei. 16, 20, 21, 118
S
Semiconductor
— (nano)structure......... 16, 20, 21
— optical amplifier ........ 16, 21, 22
Silicon-on-insulator structure .. ... 20, 21
Slow-light . ... ... 2,3,5,7,12-14, 1826,

28-30, 40, 43, 45-47, 49, 51-54,

166



Index

57, 61, 62, 74, 80, 91, 101, 102,
104, 107-109, 114, 117, 118

— applications................. 25-30
—method ................. 12, 15-25
Slowdown factor...................... 13
Spontaneous Brillouin scattering . ... 102

Stimulated Brillouin scattering....2, 16,
22-24, 30-40, 46, 52, 53, 112

Stimulated Raman scattering. .16, 21-23

Stokes-wave 23, 32-38, 63, 83, 84, 86, 87,
89, 101, 102, 110, 140-142

—anti................ 23, 33, 63, 140
Storage capacity ... 13, 30, 108-111, 114,
117
Susceptibility.................... 11, 112
T
Time delay.................... see Delay
Transfer function..................... 43
Vv
Velocity
—front.......... ...l 9, 10
—group ....... 1, 3, 6-10, 12, 13, 15,
17-24, 30, 40, 41, 43-46, 53, 64,
72,102, 104, 119
— information.................. 9-10
— light in vacuum ........... 5, 6, 10
—phase................... 3, 5-7, 13
—photon...............oL 3,5
—signal .......... 1, 3, 9-10, 30, 102
—sound ... 32, 33
— superluminal........ 1, 5, 8, 10, 30
\\%
Wave number...5, 43, 44, 52, 64, 71, 74,
103
Waveguide-loops........... 16-18, 21, 24
Wavelength-conversion .. ...... 16, 24, 28

Wavelength-conversion-dispersion method
24-25

167



