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LECTURE 1 
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LECTURE 1 — Introduction 
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An Optical Network the Size of a Football Ground 
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http://www.autonomoussystem.net/     Posted 1st July 2013 by Nathan Owens 

Facebook´s data center in Luleå, Sweden: On-line 06/2013 

Luleå [ˈlʉːleoː]  



An Optical Network the Size of a Football Ground — Interior 
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Optical Fibre Submarine Systems 
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Submarine Cable Map (2007) 

http://www.asia-europe.uni-heidelberg.de/fileadmin/Pictures/Research_Projects/Research_Project_B/B9_Information_Flows/B9_Submarine_Cable_Map_2007.jpg 
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Submarine Cable Map (2009) 

http://www.telegeography.com/product-info/map_cable/index.php 
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Submarine Cable Map (2010) 

http://www.telegeography.com/product-info/map_cable/index.php 
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Submarine Cable Map (2011) 

http://www.telegeography.com/product-info/map_cable/index.php 
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Submarine Cable Map (2013) 

http://www.cablemap.info/ 

12 

http://www.cablemap.info/


Submarine Cable Map (2014) 
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http://www.submarinecablemap.com/#/ 
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Submarine Communication Systems — Laying the Cable  
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Submarine Communications Cable  

http://en.wikipedia.org/wiki/Submarine_communications_cable 
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Submarine Umbilicals 

http://www.directindustry.com/prod/lapp-muller/submarine-umbilical-cable-17976-259620.html 
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Optical Network Infrastructure — Abbreviations & Buzz Words 
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Communication With Light 
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Light Guidance by Total Internal Reflection or by Index Gradient 

http://en.wikipedia.org/wiki/File:Total_internal_reflection_of_Chelonia_mydas_.jpg 

Gießen, H.: Öffentliche Vorlesung über Tarnkappen im Mercedes Museum am 

22.7.2008. http://www.pi4.uni-stuttgart.de/ 

http://en.wikipedia.org/wiki/File:TIR_in_PMMA.jpg 
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Fibre Types 
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Chromatic Dispersion 
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Optical  Communications 

Rapid extension of internet communication requires 

systems having higher transmission capacity. 

current current 

light light 

glass fibre 

laserdiode photodiode 

Demands increase 100 % to 200 % per year. Systems are 

based on photonic networks with WDM technology 

(wavelength division multiplexing). 
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Services and Available Bitrates 
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Bitrates of typical services: 

Voice (ISDN)    64 kbit/s  (compressed  < 10 kbit/s) 

Picture (TV)   140 Mbit/s (compressed 26 Mbit/s) 

Loss: 40 % for 10 km quartz glass fibre (like 20 m coax cable) 

Bitrates of transmission media: 

Twisted pair         6 Mbit/s (6 km); coax 650 Mbit/s (1.5 km) 

Glass fibre    40 Gbit/s (1 Mio km)                Bell / IPQ 2002 

Glass fibre 1.28 Tbit/s single channel (240 km)    HHI 2006 

Fibre+OFDM 13.5 Tbit/s 135 OFDM   ch  (6 248 km) NTT 2009  

Fibre+OFDM 26.0 Tbit/s 325 OFDM   ch      (50 km) IPQ  2011 

Fibre+Nyquist 32.5 Tbit/s 325 Nyquist ch    (227 km) IPQ  2012 

 Bible                100  Mbit     325,000 bibles/s (250,000 full TV) 
J. Leuthold, G. Raybon, Y. Su, R. Essiambre, S. Cabot, J. Jaques, M. Kauer: 40 Gbit/s transmission and cascaded all-optical wavelength conversion over 

1 000 000 km. Electron. Lett. vol. 38 no. 15, July 2002 

H. G. Weber, S. Ferber, M. Kroh, C. Schmidt-Langhorst, R. Ludwig, V. Marembert, C. Boerner, F. Futami, S. Watanabe, C. Schubert: Single channel 1.28 Tbit/s and 

2.56 Tbit/s DQPSK transmission. Electron. Lett. Vol. 42 No. 3, Feb. 2006 

H. Masuda, E. Yamazaki, A. Sano, T. Yoshimatsu, T. Kobayashi, E. Yoshida, Y. Miyamoto, S. Matsuoka, Y. Takatori, M. Mizoguchi, K. Okada, K. Hagimoto, T. 

Yamada, S. Kamei: 13.5-Tb/s (135 x 111-Gb/s/ch) No-guard-interval coherent OFDM transmission over 6,248 km using SNR maximized second-order DRA in the 

extended L-Band. OFC 2009, PDPB5 
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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 

C L 

laser photodet. 

transm. fibre 

disp. compensat. 

       opt. amplifier 

V F 

opt. proc.  

channels:   f  5, 10, 25, 50, 100 GHz 

capacity:    40 Gbit/s  100 ch = 4 Tbit/s 
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Wavelength Division Multiplexing 
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Ultrahohe Übertragungskapazität (ECOC’07 PDP 1.6) 

27 
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Polymer Fibres for In-house Cabling 
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Attenuation of Glass and Polymer Fibres 

http://www.pofac.de/pofac/de/informationen/downloads.php 
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Network Architecture in Buildings Using Multimode Waveguides 

http://www.pofac.de/pofac/de/informationen/downloads.php 
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0 dBm = 1 mW 

 

3 dBm = 2 mW 

5 dBm = 3 mW 

10 dBm = 10 mW 

20 dBm = 100 mW 

 

-3 dBm = 0.5 mW 

-10 dBm = 100 W 

-30 dBm = 1 W 

-60 dBm = 1 nW 

0 dB = 1 

 

+ 0.1 dB = 1.023 (+2.3%) 

+ 3 dB = 2 

+ 5 dB  = 3 

+ 10 dB = 10 

 

-3 dB = 0.5 

-10 dB = 0.1 

-20 dB = 0.01 

-30 dB = 0.001 

dB = 10 log10 (P1 / P0) dBm  = 10 log10 (P / 1 mW) 

The Logarithmic Scale 
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Optical Power 

Power (P): 

– Transmitter: typ. -6 to +17 dBm (0.25 to 50 mW) 

– Receiver: typ. -3 to -35 dBm (500 down to 0.3 µW)  

– Optical Amplifier: typ. +3 to +20 dBm (2 to 100 mW) 

 
Laser safety  

– International standard: IEC 825-1 

– United States (FDA): 21 CFR 1040.10  

– Both standards consider class I safe under reasonable 

forseeable conditions of operation (e.g., without using 

optical instruments, such as lenses or microscopes) 
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Calculations stimulated by an oral presentation of N. J. Doran (S. K. Turitsyn, M. P. Fedoruk, N. J. Doran and W. Forysiak: Optical soliton transmission in fiber lines with 

short-scale dispersion management. 25th European Conf. on Optical Communication (ECOC’99), Nice, France, September 26–30, 1999) 

Distributed Amplification (1) 
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Distributed Amplification (2) 

Universe’s mass calculations and web address contributed by Dipl.-Phys. Jan Brückner, DFG Research Training Group 786 “Mixed Fields and Nonlinear Interactions” 

(http://www.gkmf.uni-karlsruhe.de), Karlsruhe, Germany, June 23, 2005 
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LECTURE 2 
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LW Transmission Bands 

Near Infrared 

Frequency 

Wavelength 
1.6 

229 

1.0 0.8 µm 0.6 0.4 1.8 1.4 

UV 

(vacuum) 1.2 

THz 193 461 

0.2 

353 

Longhaul Telecom 

 

Regional Telecom 

 

Local Area Networks 

 850 nm 

1550 nm 

1310 nm 

CD Players 

780 nm 

HeNe Lasers 

633 nm 
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Near Infrared 

Frequency 

Wavelength 
1.6 

229 

1.0 0.8 µm 0.6 0.4 1.8 1.4 

UV 

(vacuum) 1.2 

THz 193 

0.2 

 

 

1550 nm 

1310 nm 

  U        L      C      S             E                O 

O  1260 – 1360 nm 

E  1360 – 1460 nm 

S   1460 – 1530 nm 

C   1530 – 1565 nm 

L   1565 – 1625 nm 

U   1625 – 1675 nm 

LW Transmission Bands - ITU Proposed Assignment 
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Transmission Bands 
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Standard ITU Channel Grid 
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CWDM Channel Grid 

Coarse wavelength division multiplexing: Channel grid with l = 20 nm, i.e., 

filter allows ±6.7 nm laser drift (thermal/aging), guard band width is 6.7 nm.  

14 nm 
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Advantages of Optical Communications 

• Large transmission capacity because of the large fibre bandwidth in the 

order of (250 …190) THz = 60 THz 

• Low fibre loss, about 2.2, 0.35, 0.15 dB/km at l = 0.85, 1.3, 1.55 m, i. e., 

down to 3 dB loss for a fibre length of L = 20 km corresponding to a power 

attenuation by a factor of only 2 

• Immunity to interference because of the high carrier frequency, and 

because of the strong confinement of the light inside the fibre 

Organization of Course 

Summaries, problems and quizzes 

1. Introduction 

2. Light Waveguides 

3. Light sources 

4. Optical amplifiers 

 

5. Pin photodiode 

6. Noise 

7. Receivers and detection errors 
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Probe, laser bar, fibre  —  glass fibres   —  photodiode, eye of a needle 

Photonics: Basic Components 

45 
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LECTURE 3 
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Fundamentals of Wave Propagation 

Fourier Transform 

Maxwell’s Equations 

47 



OC SS 2015 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

Medium Properties 

  Refractive Index and Dielectric Constant   
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Causal Time Functions and Analytic Spectra 
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Kramers-Kronig Relation 
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Free and Bound Charge Carriers 
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Free and Bound Charge Carriers 
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Plasma Oscillation 
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Free and Bound Charge Carriers 
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Homogeneous Medium — Monochromatic Waves 

Maxwell’s Equations 
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Decoupled Versions of Maxwell’s Equations (1) 
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Decoupled Versions of Maxwell’s Equations (2) 
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Homogeneous Medium — Monochromatic Waves 
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Amplitude and Phase Surfaces 
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Plane Waves in a Homogeneous Medium 
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Phase Velocity and Plane Waves 
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Homogeneous Plane Waves — Phase and Group Velocity 
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LECTURE 4 
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Group Velocity — Physical Meaning 
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Localization in Time 
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More on Adding Phasors with Equidistant Frequencies 
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Properties of Silica Glass — Attenuation 
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Properties of Silica Glass — History 

Gerd Keiser: Optical Fiber Communications, 3rd ed. McGraw-Hill 2000 

C L 

Modern communication fibre 
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Properties of Silica Glass — Absorption by (OH–) Bonds 
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Fibre Fabrication —  Overview 

Jens Kobelke, Institut für Physikalische Hochtechnologie e.V. Jena, Bereich Optik, Abteilung Optische Fasern (2002) 
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Fibre Fabrication —  PCVD/MCVD and VAD Method 

Vapour axial deposition (VAD, deposi-

tion of glass soot by flame hydrolysis) 

Plasma activated chemical vapour 

deposition (PCVD, Niederdruck-

Plasma) 

Similar: Modified chemical vapour 

deposition (MCVD) 
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SiCl4

AFC

O2

AFC

O2

GeCl4

AFC

O2

weitere Dotanden

Quarzglasrohr

konsolidierte
Schicht

Glasruß

Glasruß

Cl2

O2

H2
Brenner

Abscheidung

Kollabieren

Prinzipschema des MCVD-VerfahrensFibre Fabrication —  MCVD  Method 

Jens Kobelke, Institut für Physikalische Hochtechnologie e.V. Jena,                                            Bereich Optik, Abteilung Optische Fasern (2002) 
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Fibre Fabrication —  MCVD  Apparatus 

Evaporation of SiCl4, 

GeCl4, POCl3, CCl4, 

C2Cl3F3 

Quartz glass tube 

SiCl4(g) +O2         SiO2 (s) +2Cl2(g) 

GeCl4(g) + O2  GeO2(s)  +  2Cl2(g) 

Jens Kobelke, Institut für Physikalische Hochtechnologie e.V. Jena, Bereich             Optik, Abteilung Optische Fasern (2002) 
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Fibre Fabrication —  Drawing  Apparatus (1) 

Jens Kobelke, Institut für Physikalische Hochtechnologie e.V. Jena, Bereich Optik, Abteilung Optische Fasern (2002) 

P
C

 - S
te

u
er

u
n

g
 

Preformvorschub 

Ziehofen 

Preform 

Faserdurchmessermessung 

FBG - Einschreiben 

Beschichtungskonzentrizitätskontrolle 

Trockenofen/UV-Lampe - 

Zugkraftmessung 

Längenmessung 

Aufspuleinrichtung 

Capstanantrieb 

Preformdurchmesser 

Faserdurchmesser 

Ziehgeschwindigkeit 

Primärbeschichtung 
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Fibre Fabrication —  Drawing  Apparatus (2) 

Armin Austerschulte, Institut für Strahlwerkzeuge; 

Universität Stuttgart (2008) 
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Dispersion — Definition 
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Dispersion — Material 
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Dispersion — Data 
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Dispersion — Physical Meaning 

Christopher R. Moylan, University of California, Santa Cruz. http://www.soe.ucsc.edu/classes/ee230/Spring04 
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Inhomogeneous Medium — Plane Waves 
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Inhomogeneous Medium — Plane Waves 
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Inhomogeneous Medium — Boundary Conditions 
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Inhomogeneous Medium — Snell´s Formula 
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LECTURE 5 

90 



Demonstration of Total Internal Reflection (1) 
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http://upload.wikimedia.org/wikipedia/commons/f/f4/Totalreflexion_%C3%9Cberarbeitet.gif 



Demonstration of Total Internal Reflection (2) 
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Inhomogeneous Medium — Fresnel´s Formula Derived 
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Inhomogeneous Medium — Below and at the TIR Angle 
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The Different Signs of rE and rH — Perpendicular Incidence, kz = 0 

95 
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The Different Signs of rE and rH — Perpendicular Incidence, kz = 0 

96 

http://www.youtube.com/watch?feature=player_detailpage&v=kJn_a9flKGk 
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Inhomogeneous Medium — Below and at the TIR Angle 
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Inhomogeneous Medium — Below and at the TIR Angle 
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Inhomogeneous Medium — TIR Summary 
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Waveguiding — Requirements 
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Slab Waveguide — Eigenfields   
play 
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Slab Waveguide — Num. Aperture and Propag. Constant 
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Slab Waveguide — Notation and Eigenvalue Condition 
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Slab Waveguide — Matching the Fields    
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Slab Waveguide — Eigenvalue Equation 
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LECTURE 6 
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Slab Waveguide — Eigenvalues 
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Slab Waveguide — Synopsis 
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Slab Waveguide — Group Delay Dispersion (1) 
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Slab Waveguide — Group Delay Dispersion (2) 
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Slab Waveguide — Dispersion Types 
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Slab Waveguide — Bend 
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LECTURE 7 
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Slab Waveguide — Directional Coupler 
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Slab Waveguide — Directional Coupler. Supermodes (1) 
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Slab Waveguide — Directional Coupler. Supermodes (2) 
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Slab Waveguide — Directional Coupler. Beat Length (1) 
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Slab Waveguide — Directional Coupler. Beat Length (2) 
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Directional Coupler — Fused Fibres. 2  2 / 4  4 
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Directional Coupler — Manufacturing Machinery 

Corner Stone's Fiber Coupler Manufacturing Workstation FCMW-2100. http://www.cornerstone.com.tw (2005) 
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Slab Waveguide — Y-Branch 
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Strip Waveguide — Symmetric 
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Strip Waveguide — Asymmetric, Pedestal 
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Strip Waveguide — High-Index Contrast 

Straight 550  400 nm2 Si WG         n1 = 3.5 

Si substrate                                      n3 = 3.5 

thick glass layer                                n2 = 1.4 

TE 
TM nsubstr = 1.44 

scalar Usual conventional waveguides are weakly guiding: 

    = (n1 – n2) / n1 = 0.1…5 % 
   single-moded for width w À l / n1 = 430 nm 

   bends and couplers need long, adiabatic transitions 

Only for weak guiding, a scalar approximation suffices. 

contrast                                               = 60 % 

Normal component        of            continuous: 

TM TE 

Single-moded for width w  l / n1, i,.e., ultra-compact nanostrips, couplers, 
   bends. Spectral (e.g., resonator)  accuracy dl » 1.4 nm !  dw » 1 nm 
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w
SiO2, n = 1.44

Si,     n = 3.48

NL,    n ≈ 1.8

zx

y

Silicon-Organic Hybrid Slot Waveguide 

w
SiO2, n = 1.44

Si,     n = 3.48

NL,    n ≈ 1.8
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Field 

enhancement!

500 nm

Field 

enhancement!

Field 

enhancement!

500 nm500 nm

n2 = 2£1017
 m2

 / W 

DDMEBT 

Koos, C.; Vorreau, P.; Vallaitis, T.; Dumon, P.; Bogaerts, W.; Baets, R.; Esembeson, B.; Biaggio, I.; Michinobu, T.; Diederich, F.; Freude, W.; Leuthold, J.: 'All-optical 
high-speed signal processing with silicon–organic hybrid slot waveguides,' Nature Photon. 3 (2009) 216–219. Published online: 15 March 2009 
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InGaAsP/InP pedestal (1.55 µm) WG 

h = 700 nm, w = 600 nm (CAIBE, 

SiNx) 

Meas. attenution:     7 dB/mm (TE) 

                                 4 dB/mm (TM) 
Cooperation with R. Steingrüber, Fraunhofer Heinrich Hertz Institut, Berlin 

Pedestal Nanostrip — Rough Sidewalls 
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Roughness is vertically chiselled, and so can be described by  

the parameters s and  D:  

RMS roughness 

Correlation length 

s 

D 

Inverse of the spectral width 

of the autocorrelation 

function 

 

How does the attenuation of the waveguide depend 

on the RMS roughness and on the correlation length? 

Measured values: 

Measurement of Surface Roughness 

144 



OC SS 2015 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

SiO2 

HE00 (quasi TE) 

EH00 (quasi TM) 

Si 

TE 
TM 

Strip Waveguide — Nanostrips. Versatile Ring Resonator 
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Fibre Waveguide — Refractive Index Profile 
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LECTURE 8 
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Step-Index Fibre — Vector Fields (1) 

TM TE 
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Step-Index Fibre — Vector Fields (2) Step-Index Fibre                         Fields (2) 
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LPn Modes (1) 
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LPn Modes (2) 
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Weakly Guiding Fibre — Orthonormality and Radial Equation 
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LPn Modes — Step-index Profile. (Modified) Bessel Functions 
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Abramowitz, M.; Stegun, I. A. (Eds.): Handbook of 

mathematical functions, 9. Ed.. New York: Dover 

Publications 1970 
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Weakly Guiding Fibre — Notation 
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Weakly Guiding Fibre — Step-Index Profile (1) 
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Weakly Guiding Fibre — Step-Index Profile (2) 
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Step-Index Fibre — Conventional and Dispersion Shifted 
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Step-Index Fibre — Dispersion-Compensating and -Flattened 
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Dispersion Characteristics of Step-Index Fibres 
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Singlemode Impulse Response 
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Distortion-free Transmission 
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LECTURE 9 
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Gaussian Impulse — Visualized 
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Commercial Singlemode Fibre Data 

OptSim 4.5 Models Reference Volume I: Sample Mode (2005). RSoft Design Group, Inc., Physical Layer Division, Ossining, NY 10562. www.rsoftdesign.com 
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Polarization Mode Dispersion (PMD). Signal Quality (Eye Opening) 

SOP: State-of 

Polarization 

TE 

TM 

Variation of  

eye diagram 

t 

Variation of   and ê  

Variation of dê/d 

 

First-order PMD 

– d/d=0 

– dê /d=0 

pulse broadening 

(pulse splitting)  

 

 

 

Higher-order PMD 

– d/d0 

– dê /d0 

  (overshoots) 

 

TM 

TE 

t 

 PMD induces stochastic variations of fiber channel transmission paths 

Courtesy H. Bülow, G. Veith (Alcatel-Lucent Deutschland, Stuttgart 2008) 
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Polarization Mode Dispersion (PMD)  

Long term PMD measurement of installed field fibre   

(246 km G.652 DTAG link Stuttgart/Baden-Baden): 

Statistical PMD variations vs. time and vs. wavelength 

Days 

W
a

v
e
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f 
D

W
D

M
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h
a

n
n

e
ls

 

DGD (ps) 

Ref.: 

H. Bülow, G. Veith 

Proc. ECOC‘97,  

paper MO3C 

 Observed statistical PMD variations might have impact on quality 

of transmission at high bit rates of 10Gbit/s and beyond (40G, 100G) 
Courtesy H. Bülow, G. Veith (Alcatel-Lucent Deutschland, Stuttgart 2008) 
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Weakly Guiding Fibre — Parabolic-Index Profile 
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Orthogonality and Coupling Efficiency (1) 
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Orthogonality and Coupling Efficiency (2) 
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Orthogonality and Coupling Efficiency (3) 
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Semiconductor Laser — Counting Resonator Modes 
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Free Electron as a Wave Function 
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Schrödinger Equation  for “Bound Electron” & “Two-Level Atom” 
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Schrödinger Equation  for “Two-Level Atom” 

OC SS 2015 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 179 



Schrödinger Equation  for “Bound Electron” & “Two-Level Atom” 
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Luminescence and Laser Radiation 
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Laser Active Materials  — Two-Level Systems (2) 
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Laser Active Materials  — Semiconductors 
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Band Structure of Direct and Indirect Semiconductors 
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Radiative and Nonradiative Recombination 
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Filling of Electronic States — Fermi Function 
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Impurities, Doping and Carrier Concentration — Equilibrium 
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Impurities, Doping and Carrier Concentration — Non-Equilibrium 
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Quasi Fermi Levels in Non-Equilibrium 

194 



OC SS 2015 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

Abrupt pn-Homojunction in Equilibrium (Zero Bias) 
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Abrupt pn-Homojunction in Equilibrium (Zero Bias) 
space charge region
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Abrupt pn-Homojunction in Non-Equilibrium (Non-Zero Bias) 
space charge region
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Abrupt pn-Homojunction in Non-Equilibrium (Non-Zero Bias) 
space charge region
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Abrupt pn-Homojunction — Radiative / Nonradiative Recombinat. 
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LECTURE 10 
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An auger An auger 

oʒe 

Pierre V. Auger 
(1899–1993) 

Physicist 

Radiative and Nonradiative Recombination 

f:/U/Wofreu/PCTEX/ONTneu/OntID/Vorlesung/auger_EN.mp3
f:/U/Wofreu/PCTEX/ONTneu/OntID/Vorlesung/Auger_FR.mp3
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Compound Semiconductors (1) 
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Compound Semiconductors (2) 
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Opto-Electronic Integrated Circuits 
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Heterojunctions 
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Band Diagram for Heterostructures 
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Band Diagram for Heterostructures 
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Band Diagram of a Left-Alone NpP-Heterojunction 
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Band Diagram of a Forward-Biased NpP-Heterojunction 
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Bulk SOA Structure for Doping Design Study at l = 1.55 µm 

w = 3.6 m Doping Profile 

* Kapoor, A.; Sharma, E. K.; Freude, W.; Leuthold, J.: Investigation of the saturation characteristics of InGaAsP-InP bulk SOA. Photonics West 2010. Paper 7597-56 
†

 Leuthold, J.: Advanced indium-phosphide waveguide Mach-Zehnder interferometer all-optical switches and wavelength converters. Konstanz: Hartung-Gorre 1999 
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Bulk SOA — Trends for Doping the Active Region (l = 1.55 µm) 
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Emission and Absorption in a Semiconductor. Amplification 
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LECTURE 11 
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Emission and Absorption in a Semiconductor. Measurement 
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Radiative and Nonradiative Recombination 
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Effective Carrier Recombination Lifetime. Step Response 
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LED — Generated Power, Internal and Optical Efficiency 
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LED — Device Structure. Surface and Edge Emitter, SLED 
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LED — Power Spectrum 
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LD — Cavity and Field Confinement 
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LD — Longitudinal Mode Spectrum 
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LD — Gain and Loss 
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LECTURE 12 
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Stationary Laser Oscillation 
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LD — Gain and Loss Distributed 
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LD — Gain Model and Gain Compression 
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Carrier/Gain Depletion and Recovery 

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 

235 



OC SS 2015 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

LD — Rate Equations 
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LD — Rate Equations. Threshold 
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LD — Rate Equations. Characteristic Curves 
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LECTURE 13 
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LD — Small-Signal Intensity Modulation. Fourier Solution 
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LD — Small-Signal Intensity Modulation 
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LD — Small-Signal Intensity Modulation. Transfer Function 
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LD — Large-Signal Intensity Modulation 
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LD — Amplitude-Phase Coupling. Line Broadening 
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LD — Amplitude-Phase Coupling. Chirp 
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LD — Amplitude-Phase Coupling. Electric Field 
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LD — Device Structures with Gain and Index Guiding 
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Vertical Cavity Surface Emitting Laser — VCSEL 

http://www.ino.it/~gianni   Giovanni Giacomelli: Progetto INOA 4.2 : strutture spazio-temporali in laser a cavità verticale 

Spatio-temporal structures in vertical cavity lasers. F:\U\Wofreu\PCTEX\SKRIPTEN\Giacomelli\INO_ Gianni Giacomelli.pdf 
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Vertical Cavity Surface Emitting Laser — Beam Shape and SEM 
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LECTURE 14 
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Semiconductor Optical Amplifier (SOA) Gain 
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SOA Single-Pass Gain and Ripple 
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SOA Chip with Angled Facets and Lensed Fibres 
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Pin Photodiode    
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Sensitivity of a pin-Photodetector 
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Absorption Zone — Short-Circuit Current 
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Absorption Zone — Basic 1D-Equations 
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Absorption Zone — Convection Current and External Current 
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Absorption Zone — Quantum Efficiency 
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  Absorption Zone — Generation Rate     
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Absorption Zone — External Short-Circuit Current 
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nip-Diode — External Short-Circuit Current — Static Case 
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Band Structure of Direct and Indirect Semiconductors 
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Absorption Constants 
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pin Photodiode — Dynamics 
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pin Photodiode — Dynamics. Impulse Response (1) 
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pin Photodiode — Dynamics. Impulse Response (2) 
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pin Photodiode — Impulse Response Strong Absorption 
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pin Photodiode — Impulse Response Weak Absorpt. (vn = vp)  
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pin Photodiode — Impulse Response Fair Absorpt. (vn = vp) 

308 



OC SS 2015 Institut für Photonik und Quantenelektronik (IPQ), Karlsruher Institut für Technologie (KIT) 

LECTURE 15 
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pin Photodiode — Transit Time Cutoff Frequency 
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pin Photodiode — Quantum Efficiency 
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pin Photodiode — Edge Coupling (1) 
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pin Photodiode — Edge Coupling (2) 
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pin Photodiode — Devices, Si Planar and InGaAs-Mesa (1) 
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pin Photodiode — Devices, Si Planar (2) 
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pin Photodiode — Devices, InGaAs Planar (3) 
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Design of Photodetectors: Overview 
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Shot Noise 
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Thermal Noise 
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Amplifier Noise Figure 
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pin Photodiode Receiver Limits 
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pin Photodiode Quantum (Shot) Noise Limit 
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Eye Diagram 
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Detection Errors by Noise (1) 
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Detection Errors by Noise (2) 
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Detection Errors by Noise (3) 
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Bit-Error Parameter (Signal Quality Factor) and SNR 
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BER and Power Penalty (1) 
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BER and Power Penalty (2) 
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Limiting Sensitivity for Direct Detection (1) 
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Limiting Sensitivity for Direct Detection (2) 
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Measured Sensitivities for Direct Detection 
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END OF LECTURES 
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